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FOREWARD 


For  t e  second  year  in  a  row  Thelnternational  Conference  on  Lasers  1988  was  held  at 
L are  Tahoe.  Nevada  from  December  4  -  9 ,  1 988 .  It  certainly  is  one  of  the  most  beautiful 
spots  on  earth  and  this  year's  snow  was  a  quantum  level  better  than  the  previous  season  so 
that  the  ski  enthusiasts  had  an  opportunity  to  test  their  skills.  The  conference  began 
with  a  very  much  enlarged  list  of  short  courses  on  Sunday  and  provided  an  excellent 
opportunity  for  these  interested  in  getting  a  more  than  cursory  glance  at  topics  of 
interest  to  them  but  not  within  their  expertise.  The  conference  strungly  encourages 
individuals  interested  in  giving  courses  to  contact  next  year's  program  chairman  and  c  o  - 
chairmen.  The  conference  program  consisted  of  over  300  papers.  The  strength  of  the 
conference  continued  to  be  in  the  areas  of  laser  physics  and  laser  technology,  and 
constituted  40  of  tiie  sessions.  We  continued  to  schedule  a  strong  set  of  plenary  papers 
that  encompass  topics  in  all  areas  of  quantum  electronics.  Many  technology  oriented 
participants  at  the  conference  have  especially  expressed  their  appreciation  in  having  the 
opportunity  to  listen  to  research  in  progress  of  a  more  fundamental  nature.  We  were 
especially  heartened  by  comments  from  many  conference  participants  on  the  high  quality  of 
tne  papers  presented.  Frank  Duarte  and  1  would  very  much  like  to  thank  the  program 
committee  for  their  excellent  effort  in  this  regard.  For  in  the  last  analysis  this  is  the 
only  important  g  a  u  u  e  to  judge  the  success  of  a  conference. 

The  theme  of  the  conference  in  1988  was  on  high  power  lasers  and  began  on  Monday  with 
tne  keynote  address  by  Dr.  Charles  Brau  of  Vanderbilt  University  tit.  l°d  The  Deve 1 opment 
of  Very  High  Power  Lasers.  Charlie  played  an  important  role  in  the  development  of  the  gas 

dynamic  ClTI  laser,  is  the  co-inventor  of  the  rare-gas  halide  excimer  system,  and  was  the 

program  manager  of  the  los  Alamos  National  Laboratory's  free  electron  laser  effort.  There 

were  scheduled  six  plenary  talks  on  various  types  and  topics  of  high  power  laser 

technology.  In  addition  to  the  usual  strong  sessions  on  laser  physics  and  technology, 
this  year  Profs.  Vladimir  Danilychev  and  V.  V.  Apollonov  graciously  organized  three 
sessions  on  high  power  lasers  research  in  the  Soviet  Union. 

Efforts  were  made  to  organize  sessions  on  emerging  technologies  that  are  potentially 
going  to  be  very  important  in  the  future.  These  included  topics  on  optical  neural 
networks  and  fiber  lasers.  The  panel  discussions  this  year  were  on  high  power  dye  laser 
technology  and  tne  status  of  Laser  Radar/Lidar.  The  dye  lasers  discussion  comes 
at  a  time  when  commercial  usage  is  increasing  rapidly  while  a  number  of  defense  programs 
are  terminating.  The  use  of  lasers  for  lidar  is  an  important  program  at  SDI  but  more 
significant  is  its  increasing  importance  in  pollution  and  effluence  monitoring  as  federal 
standards  are  made  more  stringent. 

Prizes  for  the  two  best  contributed  papers  this  year  were  again  sponsored  by  EG&G 
Princeton  Applied  Research  with  gold-plated  plaques  donated  by  Eastman  Kodak.  The 
nominating  committee  consisted  of  M.  0.  Scully,  L .  w.  Hillman,  F.  J.  Duarte  and  R.  C.  Sze. 
This  year  the  prizes  went  to: 

S.  Benson  and  J.  M.  J.  Madey  of  Stanford  University  for  their  paper  titled 

"Demonstration  of  Harmonic  Lasing  in  a  Free-E 1 ectron  Laser" 

and  to  : 

J.  Ge a -Ba na c 1 oche  of  the  University  of  New  Mexico  and  L.  M.  Pedrotti  of  the 

University  of  Dayton  for  their  paper  titled  "Laser  Coupled  to  a  Squeezed 

Loss-Reservoir". 

The  conference  was  also  the  place  chosen  for  the  initial  presentation  of  the  Einstein 
Prize  for  Laser  Science  which  is  cosponsored  by  industrial  and  university  affiliates. 

This  year  Professor  Marlin  Scully  of  the  University  of  New  Mexico  and  the  Max-Planck 
Institut  fur  Quantenoptik  presented  the  prize.  The  prize  was  shared  by 

Prof.  H.  Walther  of  the  Max-Planck  Institut  fur  Quantenoptik  and 

Prof.  S.  Haroche  of  L'Ecole  Normale  Superiore,  France  and  Yale  University 

for  "Pioneering  Contributions  to  Cavity  Q.E.D.  and  the  Development  of  the  Micromaser. 


Finally,  We  are  indebted  to  the  organizations  who  contributed  financially  to  this 
conference.  Their  help  allowed  many  scientists  to  attend  the  conference  especially  from 
overseas  that  would  not  otherwise  have  been  possible.  These  organizations  include  the 
Society  for  Optical  and  Quantum  Electronics,  Los  Alamos  National  Laboratory  (Chemistry  and 
Laser  Science  Division  and  the  Laser  Fusion  Program  Office),  The  Eastman  Kodak  Company 
(Photographic  Products  Group,  MCED  and  the  Laboratory  Research  Products  Division),  EG&G 
Princeton  Applied  Research,  the  US  Army  Research  Office  and  US  Air  Force  Office 
of  Scientific  Research  (EOARD). 

Robert  C.  Sze 

Los  Alamos  National  Laboratory 
Program  Chairman 
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THE  DEVELOPMENT  OF  VERY  HIGH  POWER  LASERS 

C.  A.  Brau 
Vanderbilt  University 
Nashville,  TN  37235 

Abstract 

The  development  of  high  power  lasers  using  excitation  by  electron  beams  and  by  transverse  discharges  of  high  pressure  gases 
as  in  CO,  and  rare  gas  halides,  and  the  use  of  high  energy  electrons  in  free-electron  lasers  are  discussed. 

This  morning  I  am  going  to  speak  to  you  about  garbage  disposal.  You  probably  didn’t  come  here  to  listen  to  a  lecture  about 
garbage  disposal,  but  this  is  the  key  concept  in  the  development  of  very  high  power  lasers. 

The  problem  with  operating  lasers  at  very  high  power  is  getting  rid  of  the  waste  heat.  By  high  power,  I  mean  high  average 
power,  rather  than  high  peak  power.  For  this  reason,  glass  lasers,  which  produce  enormous  peak  power  in  exquisitely  short 
pulses,  don’t  compete  in  the  world  of  high  average  power.  You  simply  cannot  cool  them  very  rapidly.  The  heat  must  diffuse  to 
the  surface  of  the  glass,  where  it  can  be  removed,  and  this  is  a  slow  process. 

Gas  lasers  do  somewhat  better.  Diffusion  is  faster  in  gases  because  they  have  a  longer  mean  free  path.  But  the  real 
breakthrough  was  the  garbage  disposal  principle,  which  was  conceived  at  AVCO  Everett  Research  Laboratory  in  the  late  1960’s. 
It  works  as  shown  in  Fig.  1.  In  a  conventional  laser,  the  heat  is  removed  in  a  time  which  I’ll  call  the  diffusion  time.  ton,,. 
Since  diffusion  is  a  random-walk  process,  the  time  for  heat  to  diffuse  to  the  surface  is  just  the  square  of  the  number  of  steps  to 
reach  the  surface  (of  the  order  of  DA  times  the  time  per  step  (Xfc),  where  D  is  the  diameter,  X  is  the  mean  free  path,  and  t  is 
the  mean  molecular  velocity.  The  diffusion  time  is  therefore 

W  ~  (DAK  DA?) 

The  garbage-disposal  concept  uses  gas  flow  (convection)  to  remove  the  waste  heat.  The  cooling  time,  which  I’ll  call  tCONV>  is 
just 


^conv  —  D/v  —  DAT 

for  a  flow  velocity  v  of  the  order  of  the  speed  of  sound  (which  is  of  the  order  of  the  mean  molecular  speed  c).  Clearly,  the 
diffusion  time  is  long  compared  with  the  convection  time 

^ddV^conv  ~  DA. 

For  a  gas  at  one  atmosphere  pressure,  X  ~  10‘7  m.  For  a  large  device  with  a  diameter  of  1  m,  the  diffusion  time  is  therefore  of 
the  order  of  101  times  longer!  All  things  being  equal-which  they  never  are-the  convective  laser  will  have  a  power  101  times 
greater  than  the  diffusive  laser,  under  these  conditions. 
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GARBAGE-DISPOSAL  PRINCIPLE: 

FLOWING  MEDIUM  REMOVES  WASTE  HEAT 


Diffusion:  Convection: 


Fig.  1. 


Back  in  the  late  1960’s,  this  factor  of  10'  seemed  worth  investigating.  But  what  laser  should  the  idea  be  tried  on?  An 
innovative  proposal,  called  the  gasdynamic  laser,  was  put  forward  to  use  the  flow  itself  to  create  the  population  inversion  in  a 
C02  laser.  To  see  how  this  works,  let’s  look  first  at  the  energy-level  structure  in  C02,  shown  in  Fig.  2.  We  see  there  that  the 
upper  laser  level,  the  001  level,  is  very  close  to  the  first  vibrational  level  of  N2,  and  couples  very  strongly  with  it.  To  create  the 
inversion,  the  gas  is  heated  to  a  high  temperature,  as  indicated  in  Fig.  3,  and  then  expanded  rapidly  through  a  small,  supersonic 
nozzle.  At  the  initial  high  temperature,  the  nitrogen  vibration  becomes  excited,  albeit  weakly.  During  the  expansion  the  nitrogen 
vibration  relaxes  slowly  and  ends  up  at  a  high  temperature,  about  that  of  the  nozzle  throat.  The  lower  laser  level  is  also  excited 
at  the  initial  high  temperature,  but  during  the  expansion  it  couples  to  the  020  level  which  relaxes  rapidly  in  the  expansion  and 
cools  to  a  low  temperature  with  a  small  population  of  the  100  level. 

The  very  first  experiment  that  was  done  at  AVCO  was  a  shock  tube  experiment.  Instead  of  having  an  actual  burner  to 
create  the  hot  gas,  they  used  a  shock  wave  to  heat  the  gas.  The  shock  wave  reflected  off  of  the  end  wall,  where  the  nozzle  was 
placed,  and  that  left  a  stagnant  region  of  hot  gas,  which  expanded  and  gave  an  inversion,  and  everything  worked  splendedly. 
They  used  an  old  shock  tube,  for  a  quick  and  dirty  experiment,  and  it  worked  like  a  charm.  Well,  flushed  with  success,  they 
felt  justified  in  doing  a  better  experiment,  so  they  got  a  new  shock  tube  and  a  new  nozzle  and  everything  else  and  it  didn’t 
work,  as  you  might  have  expected.  As  it  turned  out,  the  reason  the  first  experiment  worked  was  because  the  old  shock  tube  was 
dirty  and  the  pump  oil  decomposed  and  formed  water  and  stuff  like  that,  and  that  water  is  very  useful  for  deactivating  the  lower 
laser  level.  So  when  they  put  water  back  in  the  mixture,  the  new  experiment  worked  too.  It  worked  out  so  well,  in  fact,  that 
then  they  had  to  do  a  real  experiment  with  a  burner  and  all. 

Eventually,  some  months  later,  they  did  an  experiment  that  looked  as  shown  in  Fig.  4.  At  the  right  end  is  the  actual  burner 
where  they  burned  cyanogen,  which  of  course  is  nasty  stuff,  expanded  through  a  bunch  of  nozzles  between  the  burner  and  the 
window,  and  the  supersonic  flow  then  went  downstream.  They  were  able  to  lase  at  the  point  in  the  flow  where  the  window  is 
positioned.  Now,  to  show  you  the  importance  of  the  garbage  disposal  principle,  at  the  time  this  experiment  was  done,  the 
second  most  powerful  laser  in  the  world,  so  far  as  we  were  aware,  was  a  big  non-flowing,  diffusion-cooled  C02  laser,  quite  a 
large  device,  and  it  had  a  power  of  about  a  kilowatt,  whereas  this  device  ran  at  135  kilowatts.  So  flow  makes  a  big  difference. 
Now,  those  were  exciting  results,  and  in  fact,  eventually,  a  device  somewhat  similar  to  this  was  built  by  Pratt  and  Whitney, 
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CO  2  GASOYNAMIC  LASER 


installed  on  a  jet  plane  and  used  to  shoot  at  air-to-air  missiles  that  were  fired  at  the  plane.  I’m  told  that  the  missiles  had  no 
warheads  and  didn’t  even  have  range  enough  to  reach  the  plane,  which  shows  you  how  much  confidence  they  had.  But 
nevertheless,  those  were  important  advances  at  that  time. 


On  the  other  hand,  as  you  may  have  noticed,  the  amount  of  energy  that  actually  went  into  the  upper  laser  level  was  very 
small.  At  1400  K,  the  excitation  of  nitrogen  vibration  is  not  very  great.  So  the  efficiency  of  this  device  was  rather  small.  It 
became  interesting,  then,  to  find  a  way  to  excite  the  nitrogen  vibration  directly  without  having  to  excite  the  whole  gas.  Well, 


3 


Well,  the  next  thins  that  came  along  was  the  excinter  laser.  I’m  going  to  skip  over  chemical  lasers,  in  part,  because  there 
are  a  couple  of  talks  coming  up  on  chemical  lasers  that  will  tell  you  all  about  that,  and  in  part  because  1  don’t  know  much 
about  chemical  lasers.  But  excimer  lasers  are  interesting  because  one  of  the  problems  of  C02  lasers  is  the  wavelength.  You 
can't  focus  10  micron  radiation  at  very  large  distances.  So  we  looked  around  to  find  a  short  wavelength  laser,  and  the  one  that 
came  along  was  the  so-called  rare-gas-haiide  excimer  laser.  Now,  the  way  these  rare  gas  halide  excimers  look  is  shown  in 
Fig.  6.  This  is  a  diagram  which  shows  the  energy  of  the  molecule  as  a  function  of  the  distance  between  the  two  atoms,  the 
atoms  being  the  halogen  and  the  rare  gas  atoms.  Now,  you  all  know  that  noble  gases,  rare  gases,  don’t  create  molecules  in  the 
ground  state.  Well,  that’s  almost  true  because  you  can  actually  create  xenon  difluoride,  and  that’s  a  weakly  stable  gas.  But 
most  of  the  rare  gas  halides  are  so  weakly  bound  that  they  thermally  decompose  at  room  temperature.  Now  in  the  upper  level, 
what  happens  is  you  take  a  positive  ion  of  the  rare  gas  plus  a  negative  ion  of  the  halogen  and  those  two  attract  one  another  with 
a  Coulomb  attraction,  until  finally  they  bump  into  one  another  and  have  a  minimum  in  the  potential  curve,  and  this  forms  the 
upper  laser  level  of  the  molecule.  You  can  lase  from  the  upper  level  to  the  lower  laser  level,  which  is  thermally  unstable  and 
immediately  comes  apart.  So  you  have  a  nice  way  of  achieving  an  inversion  in  a  transition  at  a  wavelength  in  the  near 
ultraviolet.  Now.  there  are  two  ways  to  form  these  molecules.  You  can  either  begin  with  ions  and  let  them  attract  one  another 
and  recombine  along  that  Coulomb  curve,  or  you  can  begin  with  an  excited  rare  gas  atom  or  an  excited  halogen  atom.  W'hen  an 
excited  atom  and  a  ground-state  atom  come  together,  they  under  go  a  transition  to  the  ionic  state,  and  then  recombine  as  before. 
So  you  can  create  the  upper  laser  level  either  by  exciting  the  molecules  or  atoms  or  by  forming  the  ions.  Both  those  processes 
are  extremely  efficient  and  are  easy  to  do  in  electrical  discharges.  Now  in  fact,  in  a  discharge  you  preferendally  form  excited 
stales,  which  is  nice  because  they’re  lower  energy.  On  the  other  hand,  discharges  in  mixtures  of  rare  gases  and  halogens  arc  not 
stable  because  the  recombination  of  the  electrons  takes  place  by  a  different  mechanism  than  it  did  in  the  C02.  So  it’s  not 
possible  to  use  discharges  for  high  power  lasers. 


Fig.  7. 
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For  low  power  lasers,  you  can  avoid  the  fact  that  the  discharge  is  unstable  by  having  a  very  brief  discharge,  but  this  was 
discovered  only  later.  The  first  experiments  used  just  the  electron  beam,  but  we  turned  the  electron  beam  up  to  hundreds  of 
amps  per  square  centimeter.  Electron  beams  simply  deposit  their  energy  in  the  gas,  the  energy  takes  the  form  of  both  ions  and 
excited  states,  and  the  upper  laser  level  is  formed  with  an  overall  efficiency  approaching  50%,  which  is  pretty  good.  The  first 
experiment  that  we  did  is  shown  in  Fig.  7.  The  flange  shown  there  is  the  end  of  the  electron  beam  gun,  with  the  gas  cell  built 
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into  it.  In  the  space  of  a  few  weeks,  we  had  actually  observed  lasing  on  xenon  fluoride,  krypton  fluoride,  xenon  chloride  and 
something  that  we  didn’t  know.  It  later  turned  out  to  be  iodine.  Iodine  wasn’t  the  experiment  we  were  trying  to  do,  but  the 
experiment  lased  on  iodine  instead  of  xenon  iodide,  which  we  had  been  looking  for.  Again,  the  garbage  disposal  principle  still 
works.  Figure  8  is  a  picture  of  the  EMRLD  laser  built  at  AVCO,  which  operates  at  about  4  kilowatts.  In  this  case,  two 
electron  beams  excite  the  gas,  one  from  either  side.  The  gas  flows  around  a  loop  so  that  it  can  be  removed  hot  from  the  laser 
cavity,  and  then  cooled  before  it’s  returned  to  the  laser. 

Well,  that  works  very  well.  At  300  meters  a  second  gas  velocity,  you  can  put  a  lot  of  gas  through  there  and  get  a  lot  of 
power  out.  But  you  can  do  a  lot  better  than  that  with  electrons.  Electrons  travel  the  speed  of  light,  which  is  3  x  10®  meters  per 
second.  That’s  a  factor  cf  a  million  faster  than  gases  flow— and  a  factor  of  a  million  helps.  So  the  next  idea  that  came  along 
that  seemed  really  good  was  the  free  electron  laser.  The  free  electron  laser,  as  I’m  sure  you  all  know,  consists  of  an  electron 
beam  passing  through  a  magnetic  field,  as  shown  in  Fig.  9.  As  the  electrons  go  through  this  magnetic  field,  which  points 
alternately  up  and  down  and  up  and  down,  the  electrons  are  deflected  left  and  right  and  left  and  right.  If  you  put  yourself  in  a 
coordinate  system  moving  along  with  the  electrons,  they  simply  appear  to  be  moving  back-and-forth,  so  they  emit  dipole 
radiation.  In  fact,  they  emit  dipole  radiation  in  every  direction,  but  because  they’re  traveling  at  almost  the  speed  of  light,  when 
you  transform  back  into  the  laboratory  frame,  the  light  appears  to  be  going  almost  entirely  in  the  forward  direction.  Therefore, 
an  observer  looking  at  this  light  sees  the  light  Doppler  shifted  to  a  much  higher  frequency.  The  frequency  conversion  is  such 
that  if  you  have  a  two  centimeter  period  for  the  magnetic  field,  and  you  have  100  MeV  electrons,  which  is  a  modest  energy  for 
an  RF  accelerator,  then  you  get  light  in  the  green  part  of  the  spectrum. 
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IN  FREE-ELECTRON  LASER,  ELECTRONS  VIBRATING 
IN  WIGGLER  FIELD  AMPLIFY  OPTICAL  BEAM 


REFLECTOR 


Fig.  9. 

Clearly,  by  changing  the  electron  energy,  you  can  change  the  Doppler  shift  and  change  the  wavelength  of  the  light  coming 
out.  So  the  neatest  thing  about  free  electron  lasers,  at  least  the  first  and  most  obvious  thing  about  free  electron  lasers,  is  the  fact 
that  you  can  tune  them  to  all  different  wavelengths.  That’s  already  been  done.  Figure  10  shows  the  variety  of  different 
wavelengths  that  have  been  achieved  with  free  electron  lasers.  In  fact,  at  Livermore,  Naval  Research  Laboratory  and  other 
places,  they’ve  made  free  electron  lasers  lase  out  to  the  centimeter  region.  There  are  two  things  you  ought  to  notice.  The  first 
is  that  it  has  been  possible  to  tune  free  electron  lasers  over  a  broad  wavelength  region  in  different  experiments  using  electrons  of 
different  energy  from  different  kinds  of  accelerators.  The  other  thing  is  that  even  with  one  accelerator,  one  installation,  it  has 
been  possible  at  Los  Alamos  to  tune  the  electron  energy  over  a  factor  of  three  or  so,  and  get  an  order  of  magnitude  tuning  from 
about  4  microns  to  40  microns.  At  Santa  Barbara,  they  lased  from  120  microns  to  800  microns,  and  that’s  a  factor  of  seven 
wavelength  tuning.  Those  are  already,  so  far  as  I’m  aware,  the  broadest  tuning  range  of  any  laser  of  any  type.  The  shortest 
wavelength  that’s  been  achieved  by  straightforward  lasing  is  in  the  near  ultraviolet.  That  was  achieved  recently  by  a  group  at 
Novosibirsk.  The  people  at  LURE,  near  Paris,  have  gotten  harmonics  out  of  their  free  electron  laser  down  to  0.1  micron.  The 
harmonics  were  pretty  weak  by  the  time  they  got  out  to  0.1  micron. 

Free-electron  laser  oscillators 


01  1.0  10  100  1000 


Wavelength  (pm) 

Fig.  10. 
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What  arc  the  advantages  of  free  electron  lasers?  Certainly  you  can  tune  the  wavelength  by  varying  the  electron  energy.  And 
in  fact,  you  can  tune  it  bv  small  amounts  by  changing  the  magnetic  field.  More  important  for  some  applications,  free-electron 
lasers  can  go  to  high  power  because  you  have  very  rapid  heat  rejection  by  the  garbage  disposal  principle.  In  addition,  it’s  also 
true  that  accelerator  technology  is  very  highly  advanced.  Of  course,  free-electron  lasers  demand  things  of  electron  accelerators 
that  other  applications  don't  need,  so  that  development  is  required.  Nevertheless,  high  power  accelerators  are  well  developed  and 
quite  reliable.  At  Stanford,  for  instance,  the  SLAC  accelerator,  which  is  two  miles  long,  much  bigger  and  more  complicated  than 
anything  you  would  need  for  a  free  electron  laser,  runs  24  hours  a  day,  seven  days  a  week,  month  after  month.  The  average 
electron  beam  power  is  200  kilowatts,  and  the  accelerator  boasts  90%  availability  during  scheduled  operating  time.  For  a  laser, 
that  reliability  would  be  pretty  good.  I'll  show  you  in  a  little  while  that  good  optical  quality  is  another  property  of  free  electron 
lasers,  and  lately,  we've  been  having  some  success  at  getting  high  efficiency.  In  fact,  the  overall  efficiency  can  even  be 
improved  if  the  energy  left  over  in  the  electron  beam  is  recovered.  We  demonstrated  that  at  Los  Alamos. 


APPROXIMATE  ELECTRON  ENERGY  (MeV) 


WAVELENGTH  (/am) 
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I  showed  you  a  lot  of  different  wavelengths  that  had  been  achieved  at  different  installations.  Those  wavelengths  were 
achieved  by  using  different  electron  energy  from  different  types  of  accelerators.  There's  not  a  direct  correlation  between  the 
electron  energy  and  the  wavelength  because  there  is  some  latitude  in  the  design  of  the  magnetic  field,  but  there’s  a  rough 
correlation,  as  shown  in  Fig.  11.  The  wavelength  is  quadratic  in  the  electron  energy.  To  get  different  electron  energies,  you  use 
ditferent  kinds  of  accelerators.  At  the  low  electron  energy  end,  you  can  use  Van  de  Graaff’s.  For  a  little  higher  electron 
energy,  you  can  use  microtrons.  As  you  go  up  in  electron  energy,  you  can  use  induction  accelerators,  RF  accelerators,  and 
finally  storage  rings.  As  you  go  up  in  energy  you  go  down  in  wavelength,  of  course,  and  as  you  go  to  different  wavelengths, 
there  are  a  variety  of  different  applications,  as  indicated.  The  various  applications  overlap  in  the  wavelengths  they  want,  but  you 
can  do  materials  research  and  chemistry  in  the  ultraviolet.  Star  Wars  applications  seem  to  require  somewhere  around  a  micron, 
and  in  the  near  infrared,  medicine  and  surgery  look  like  attractive  applications.  Finally,  at  long  wavelengths,  solid  state  physics 
is  very  interesting.  We  re  going  to  talk  today  mostly  about  the  high  power  applications  epitomized  by  Star  Wars. 

I  should  point  out  that  of  the  accelerator  types  that  seem  useful  for  getting  to  wavelengths  around  a  micron,  there  are  two 
that  really  lend  themselves  to  high-power  operation.  The  first  is  the  induction  linac  and  the  other  is  the  RF  linac.  Although 
storage  rings  can  be  used  for  near-infrared  wavelengths,  they  don't  operate  well  down  at  those  wavelengths.  T  he  problem  is  that 
the  electron  beam  is  recirculated  in  the  storage  ring.  When  it  goes  through  the  wiggler  magnet,  the  electron  beam  gets  heated 
up.  The  next  time  it  com.s  around  to  go  through  the  free  electron  laser,  it's  not  in  a  suitable  form  for  lasing  and  you  have  to 
wait  a  while  until  the  temperature  cools  down.  So  it’s  difficult  to  get  storage  rings  to  go  to  high  average  power.  Thus,  the  two 
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Fig.  12. 

competing  technologies  for  high  power  free  electron  lasers  are  RF  linacs  and  induction  linacs.  I’ll  start  off  with  RF  linacs.  An 
RF  linac.  or  radiofrequency  linac,  works  as  shown  in  Fig.  12.  You  have  a  set  of  cylindrically  symmetric  resonant  cavities,  your 
basic  pill  box.  and  you  have  inside  each  cavity  an  electromagnetic  field  resonating  at,  typically,  one  to  three  gigahertz,  so  the 
cavities  are  of  the  order  of  10  centimeters  or  so  in  diameter.  Now,  the  fields  that  you  can  get  oscillating  in  these  resonant 
cavities  have  a  much  higher  breakdown  threshold  than  a  D.C.  field  would  have,  and  therefore,  you  can  get,  in  a  space  of  a  few 
centimeters,  voltages  as  high  as  a  million  volts  or  more  per  cell.  So  what  you  do  is  you  stack  a  whole  bunch  of  these  cells 


Fig.  13. 


Fig.  14. 
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together- people  have  done  it  for  up  to  two  miles— and  you  can  get  very  high  electron  energy.  But  because  of  the  fact  that  you 
get  a  million  volts  per  cell,  you  can  get  the  kind  of  energies  you’re  interested  in  for  free  electron  lasers  in  a  relatively  small 
space.  These  cavities  are  fed  by  a  klystron,  which  feeds  one  cavity  from  which  the  power  is  distributed  to  the  other  cavities  by 
coupling  cells.  Because  of  the  fact  that  these  fields  are  oscillating,  you  can  accelerate  electrons  only  during  the  small  part  of  the 
RF  cycle  when  the  field  is  a  maximum.  So  you  have  to  have  your  electron  beam  formed  into  bunches,  and  you  do  that  in  the 
following  way.  You  start  off  with  an  electron  gun.  This  emits  electrons  which  you  run  through  what’s  called  the  buncher.  The 
buncher  is  just  a  small  accelerator  timed  in  such  a  way  that  the  beginning  of  a  pulse  from  the  gun  arrives  during  the  decelerating 
phase,  and  the  end  of  the  pulse  arrives  at  the  accelerating  phase.  The  back  of  the  bunch  gets  speeded  up,  the  front  of  the  bunch 

gets  slowed  down,  and  bv  the  time  the  bunch  moves  from  the  buncher  to  the  accelerator,  it  has  collapsed  down  from  a  bunch 

that's  maybe  a  few  feet  long  to  one  that’s  maybe  a  few  millimeters  long.  If  you  time  the  bunches  to  arrive  at  the  accelerator  at 
the  right  phase,  the  bunches  are  accelerated  very  nicely  and  you  can  get  very  small  energy  spread,  a  percent  or  less.  Figure  13 
shows  a  picture  of  a  typical  RF  accelerator,  namely  the  one  at  Los  Alamos.  Each  of  the  two  accelerator  sections  has  an 
acceleration  of  10  million  volts.  Electrons  come  out  of  the  accelerator,  which  is  only  a  few  meters  long,  at  20  MeV.  The 

electrons  are  then  directed  into  a  wiggler,  which  looks  as  shown  in  Fig.  14.  The  period  of  this  wiggler  is  about  2-1/2 

centimeters.  The  overall  length  is  one  meter,  so  there  are  about  40  periods  overall. 
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Fig.  13. 

1  mentioned  earlier  that  one  of  the  nice  properties  of  free  electron  lasers  is  the  diffraction-limited  optical-beam  quality.  In  an 
experiment  that  was  done  at  Los  Alamos  we  found  that  the  Strehl  ratio  was  about  0.92.  In  other  words,  the  optical  beam  was 
1.04  times  diffraction  limited.  It's  worth  pointing  out  that  the  experimenters  did  everything  they  could  to  misalign  the  optical 
cavity  and  misalign  the  electron  beam.  By  doing  so,  they  could  turn  the  laser  off  but  they  were  never  able  to  get  an  optical 
beam  which  was  worse  than  1.04  times  diffraction  limited.  The  reason  for  this  is  not  that  it’s  a  free  electron  laser.  It’s  not  that 
magical.  It's  because  of  the  fact  that  free  electron  lasers  typically  operate  with  an  optical  cavity  which  has  a  Fresnel  number  not 
much  greater  than  one,  and  the  optical  cavity  just  doesn’t  support  higher  order  modes. 

The  other  competitor  for  the  high  power  application  is  the  induction  linac,  which  is  being  promoted  by  Livermore.  An 
induction  linac  works  quite  differently  from  an  RF  linac.  An  induction  linac  looks  sort  of  like  a  one-to-one  pulse  transformer,  as 
shown  in  Fig.  15.  Each  induction  cell  consists  of  a  ferrite  transformer  core  with  a  one-turn  primary  winding  driven  by  a  pulser. 
Clearly,  if  you  have  a  secondary  winding  going  around  that  transformer  core,  you  induce  a  voltage  on  that  secondary  winding. 
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Now,  if  the  secondary  winding  goes  along  the  axis  and  then  closes  at  infinity,  you  know  that  the  only  contribution  to  the  voltage 
is  along  the  axis,  where  the  magnetic  field  is  strong.  If  the  secondary  is  the  electron  beam  itself,  the  primary  winding  voltage 
shows  up  as  an  acceleration  ot  the  electrons  by  the  same  voltage.  If  you  stack  up  a  whole  sequence  of  those  transformer  cores, 
you  can  accelerate  electrons  to  whatever  energy  you  like.  The  nice  thing  about  induction  linacs  is  that  they  have  relatively  long 
pulses,  maybe  50  nanoseconds  long,  and  they  accelerate  extremely  high  current.  They’re  basically  very  low  impedance 
accelerators.  So  you  can  accelerate  something  like  10  kiloamps  through  an  induction  accelerator. 


Fig.  16. 


You  can  achieve  tremendous  laser  amplification  because  of  the  fact  that  you  have  such  high  electron  beam  current.  On  the 
other  hand,  with  15  nanoseconds  there  is  not  enough  time  to  operate  as  an  oscillator.  There’s  no  time  for  the  oscillator  to  start 
up.  so  you  run  the  free-electron  laser  as  an  amplifier,  using  something  like  a  C02  laser  or  a  YAG  laser,  or  at  very  long 
wavelengths,  a  magnitron,  as  your  master  oscillator.  The  largest  such  device  is  being  built  at  Livermore.  Figure  16  is  a 
photograph  of  the  50  MeV  electron  accelerator  called  ATA.  It’s  quite  a  large  device,  as  you  can  see.  The  wiggler  is  also  quite 
large,  in  fact,  as  shown  in  Fig.  17.  The  wiggler  at  the  stage  shown  is  15  meters  long;  it’s  going  to  be  25  meters  long  at  the 
completion  of  the  experiment.  The  master  oscillator  is  a  C02  laser.  For  the  15  meter  experiments,  the  results  are  very 
encouraging.  Prior  to  the  10-micron  experiments  at  50  MeV,  they  did  some  experiments  at  very  long  wavelength,  around  a 
centimeter,  using  a  3.5  MeV  electron  beam.  In  those  experiments,  they  were  able  to  get  as  much  as  a  gigawatt  peak  power  with 
an  efficiency  of  35%.  By  that,  I  mean  a  conversion  of  35%  of  the  electron  energy  into  light,  which  is  really  remarkable.  It’s 
also  remarkable  that  the  theoretical  predictions  and  the  experimental  results  agreed  so  well.  That’s  characteristic  of  free  electron 
lasers,  I  should  point  out. 


Both  RF  linacs  and  induction  linacs  have  had  their  successes,  as  summarized  in  Fig.  18,  RF  linacs  have  gotten  4%  extraction 
at  10  microns,  much  smaller  extraction  at  a  visible  wavelength  of  half  a  micron.  It’s  characteristic  of  free  electron  lasers  that 
everything  gets  harder  as  you  go  to  shorter  wavelengths.  Induction  linacs  have  achieved  35%  extraction  at  a  wavelength  of 
approximately  a  centimeter.  They’re  just  beginning  experiments  at  10  microns,  and  the  best  that  has  been  achieved  is  about  a 
tenth  of  a  percent  extraction  efficiency.  The  objective  of  both  the  induction  and  RF  linac  experiments  is  much  higher  efficiency 


than  shown  in  Fig.  18,  and  ihose  are  experiments  in  progress. 


How  is  one  to  decide  between  these  two  technologies?  That’s  a  very  difficult  issue.  And  at  the  risk  of  enormously 
oversimplifying  things,  I  would  summarize  the  most  serious  problems  for  each  technology  as  shown  in  Fig.  18.  For  RF  linacs,  I 
think  that  the  biggest  problem  is  going  to  be  that  of  optical  damage  to  the  resonator.  As  I  explained,  RF  linacs  operate  with  an 
oscillator  configuration,  and  although  they  can  use  an  amplifier  following  the  oscillator,  they  don’t  have  high  enough  gain  to  start 
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RF  LINACS  AND  INDUCTION  LINACS  ARE 
COMPETING  FOR  HIGH  -  POWER  APPLICATIONS 


RF  linac 

4%  extraction  'a )  10pm 
0  05%  extraction  'a)  500nm 


Induction  linac 

40%  extraction  "a)  1cm 
0.1%  extraction  ,o»  10pm 


Problem,  optical  damage 


Problem:  e-  beam  brightness 


Fig.  18. 


from  a  very  small  master  oscillator  and  amplify  up  to  a  high  power,  so  they  have  to  have  a  powerful  oscillator  configuration  in 
there  somewhere.  And  because  of  the  fact  that  the  optical  beam  is  highly  columnated,  you  tend  to  blow  away  your  optical 
components,  and  the  resonators  get  extremely  long,  hundreds  of  meters  long.  And  still,  you  have  problems  of  optical  damage. 
On  the  induction  linac  side,  there  is  no  high-power  optical  resonator  for  the  free  electron  laser.  That’s  the  advantage  of  an 
amplifier  configuration.  So  the  problem  of  optical  damage,  while  it’s  still  around,  is  reduced  because  of  the  opportunities  you 
have  in  nmning  a  free  electron  laser  as  an  amplifier  rather  than  an  oscillator.  I  think  the  biggest  problem  for  the  induction  linac 
is  that  of  getting  electron  beam  brightness  adequate  for  operating  at  short  wavelengths.  It’s  been  that  problem  as  much  as  any 
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that’s  prevented  Livermore  from  getting  higher  extraction  efficiency  than  they’ve  observed  in  the  10  micron  experiments.  At  the 
present  time,  recent  results  show  that  they're  about  a  factor  of  three  low  in  electron  beam  brightness,  and  a  factor  of  three  or  so 
low  in  electron  beam  current,  compared  with  where  they  want  to  be  for  high-power  applications. 


Continuing  this  oversimplification  then,  you  might  look  on  the  competing  technologies  as  getting  to  high  power  and  short 
wavelength  in  the  following  way.  Induction  linacs  lend  themselves  to  high  power.  In  fact,  in  the  first  experiments  they  got,  a 
gigawatt  of  peak  power.  This  is  not  the  same  as  a  gigawatt  of  average  power,  but  nevertheless,  induction  linacs  represent  a 
technology  which  can  go  to  high  power  relatively  easily.  On  the  other  hand,  the  electron  beam  problem  and  some  others  make 
it  difficult  for  induction  linacs  to  go  to  short  wavelengths.  So  they’re  going  to  reach  high  power  and  short  wavelengths  by  going 
to  high  power  first.  RF  linacs,  on  the  other  hand,  as  I  showed  you,  have  run  already  down  to  half  a  micron,  which  is  a  shorter 
wavelength  than  you  really  need.  Their  problem  is  going  to  high  average  power,  largely  because  of  the  damage  to  the  optical 
components  of  the  system.  So  RF  linacs  will  go  (have  gone)  first  to  short  wavelength  and  then  to  high  power. 

It  s  even  possible  that  the  two  approaches  don’t  have  to  converge  to  the  same  point  because  there  are  ground  based  lasers 
and  space  based  lasers.  Space  based  lasers  like  to  have  shorter  wavelengths  because  they  can  propagate  the  beam  with  smaller 
mirrors  than  longer  wavelengths.  Space  based  lasers  must  also  be  compact  and  light  weight.  Ground  based  lasers,  on  the  other 
hand,  don't  mind  being  in  the  near  infrared,  bun  require  higher  power  because  of  atmosphere  and  relay  losses.  So  it’s  possible 
that  RF  linacs  will  lend  themselves  to  space-based  deployment,  while  induction  linacs,  because  of  their  much  larger  size  and 
longer  wavelengths,  will  lend  tnemselves  to  ground-based  deployment.  It’s  possible  that  RF  iinacs  can  reach  the  power  required 
for  ground-based  deployment  as  well  as  the  wavelength  required  for  space-based  deployment.  It’s  also  possible  that  neither 
technology  will  reach  the  power  required  for  either  application.  Time  will  tell. 
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Abstract 

When  Humpty-Dumpty  had  his  great  fall  nobody  could  put  him  together  again.  A  vastly  more  moderate  challenge  is 
to  reunite  the  two  partial  beams  of  a  Stern-Gerl  ’i  apparatus  with  such  precision  that  the  original  spin  state  is  recovered. 
Nevertheless,  as  we  demonstrate,  a  substantial  loss  of  spin  coherence  always  occurs,  unless  the  experimenter  is  able  to  control 
the  magnetic  field’s  inhomogeneity  with  an  accuracy  of  at  least  one  part  in  105. 


Introduction 

Contemporary  research  is  dominated  by  observations 
on  quantum  systems.  A  thorough  understanding  of  the 
role  played  by  macroscopic  devices  in  such  measurements 
on  microscopic  objects  is,  therefore,  mandatory  for  a  com¬ 
plete,  consistent  interpretation  of  these  observations.  Un¬ 
fortunately,  some  subtle  features  of  such  measurements  are 
still  controversial  among  theorists  although  one  might  think 
that  the  arguments  among  Bohr,  Einstein,  Heisenberg,  and 
others,  six  decades  ago,  should  have  settled  the  issue.  Most 
of  the  well-known  “paradoxa”  of  quantum  mechanics,  which 
were  the  main  topics  of  those  historical  debates,  concern  the 
loss  of  interference  properties  resulting  from  the  measure¬ 
ment  of  one  observable  when  some  knowledge  about  a  com¬ 
plimentary  one  was  available  before  the  measurement  took 
place.  For  instance,  if  a  Stern-Gerlach  apparatus  (SGA)  is 
used  for  measuring  the  z-component  of  the  magnetic  mo¬ 
ment  of  a  spin-1/2  particle,  the  prior  property  of  being  po¬ 
larized  in,  say,  the  z-direction  is  lost  in  the  course  of  the 
measurement.  There  is  no  disagreement  about  the  fact  that 
microscopic  coherence  is  destroyed  during  this  observation 
(it  can  be  confirmed  experimentally),  but  the  effect  on  spin 
coherence  of  the  process  of  separating  and  then  reuniting 
the  two  partial  beams  in  the  SGA  certainly  requires  further 
study. 

To  address  this  problem  we  consider  a  SGA  of  the  kind 
depicted  in  Fig.  1.  In  the  first  half  of  the  apparatus  the 

side  ,  ,  ■  L/<  rr  L/e  ,  f  U/«  | 


edge  _yi _ flat  flat  u  edge 


Fig.  1.  A  schematic  nonselective  Stern-Gerlach  apparatus 
of  length  L  =  4  x  L/4. 


beam  of  spin-1/2  particles  is  split  macroscopically  by  the  in¬ 
homogeneous  magnetic  field,  thereby  separating  the  parti¬ 
cles  with  different  z-components  of  their  magnetic  moments. 
Then,  in  the  second  half,  the  two  partial  beams  are  reunited, 
and  a  single  beam  emerges.  By  blocking  one  of  the  partial 
beams  this  apparatus  can  be  used  to  select  particles  with  a 
definite  z-component.  While  the  possibility  of  performing 
such  a  selective  measurement  is  essential,  no  selection  will 
actually  be  made.  It  is  the  objective  of  the  present  paper  to 
find  out  whether,  and  to  what  degree,  spin  coherence  can 
be  maintained  in  such  a  nonselective  measurement. 

Prof.  David  Bohm,  to  whom  we  are  pleased  to  dedicate 
this  paper,  offers,  in  his  well-known  textbook  on  Quantum 
Theory,1  the  following  remark  concerning  this  question:  “If 
the  (...)  magnetic  fields  (...)  are  set  up  in  exactly  the  right 
way,  (...)  the  two  wave  packets  can  be  brought  together  into 
a  single  coherent  packet.  Although  the  precision  required 
to  achieve  this  result  would  be  fantastic,  it  is,  in  princi¬ 
ple,  attainable.”2  We  shall  establish  quantitative  statements 
about  this  “fantastic”  accuracy  by  setting  limits  on  the  un¬ 
controlled,  irreproducible  variations  in  the  magnetic  field 
that  are  tolerable.  Only  then  can  one  decide  whether  a  co¬ 
herent  spin-1/2  beam  can  be  split  and  “put  together  again,” 
or  if  it  shares  Humpty-Dumpty’s  fate.3 

The  present  paper  does  not  deal  with  the  limits  on  the 
control  of  the  fields  in  the  SGA  that  are  implied  by  funda¬ 
mental  quantum  effects.  That  would  require  a  calculation 
that  takes  into  account  the  quantum  properties  of  the  fields. 
We  intend  to  return  to  this  problem  on  another  occasion. 
Here  we  are  only  concerned  with  the  other  side  of  the  coin: 
how  well  must  the  experimenter  control  the  SGA  to  ensure 
that  no  substantial  loss  of  spin  coherence  occurs  as  a  result 
of  the  quantum  properties  of  the  particles ? 

Why  should  it  be  so  difficult  to  maintain  spin  coher¬ 
ence?  The  essential  features  of  the  following  qualitative  ar¬ 
gument  are  due  to  Heisenberg.4  Consider  the  first  stage  of 
the  measurement  in  which  the  SGA  splits  the  beam  macro¬ 
scopically.  This  is  achieved  by  applying  a  force  F  in  the 
z-direction  to  those  particles  with  one  spin  orientation,  and 
a  force  —  F  of  equal  magnitude  but  opposite  direction  to 
the  particles  with  the  opposite  spin  orientation.  With  these 
forces  acting  for  a  total  time  T,  the  momentum  transferred 
to  one  of  the  particles  is  equal  to  FT  in  magnitude.  In  order 
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to  split  the  beam  this  must  be  large  compared  to  8p,  the 
spread  in  momentum  prior  to  entering  the  SGA: 

FT  »  Sp,  (1) 

where  stands  for  a  factor  typically  of  order  103  in  a  practi¬ 
cal  experiment.  The  force  F  originates  in  a  spatially  depen¬ 
dent  potential  energy  E,F  =  — dE/dz ,  which  energy  con¬ 
tributes  to  the  phase  of  the  wave  function,  the  total  change 
being  —ET/h.  Since  different  parts  of  the  wave  function 
probe  the  potential  energy  at  different  points  in  space,  this 
phase  varies  within  the  wave  packet  as  a  consequence  of  the 
snread  8z  in  position.  The  phase  has  therefore  an  uncer¬ 
tainty  given  by 

(  =  - 6ET/k  =  -|f -6zT/h 
8{—ET/h)  |  =  FT6z/h  »  8p6z/h  >  f,  (2) 

l  »  1, 

where  the  relation  (l)  and  Heisenberg’s  uncertainty  princi¬ 
ple  have  been  used.  Note,  in  particular,  that  these  large 
phase  variations  are  an  implication  of  the  requirement  (l) 
that  the  beam  is  split  macroscopically.  To  avoid  a  possible 
misunderstanding,  let  us  emphasize  that  (2)  does  not  refer 
to  the  relative  phases  of  the  two  partial  beams  but  expresses 
the  dispersion  of  phases  within  each  individual  beam.  It  is 
this  phase  dispersion  that  must  be  reversed  during  the  fo¬ 
cusing  of  the  beam  in  the  second  stage  of  the  nonselective 
measurement.  The  necessary  extremely  fine  tuning  of  the 
SGA,  beyond  that  required  for  spatial  focusing,  is  what  is 
so  difficult. 

Modeling  the  SGA 

We  associate  Pauli  matrices  a  —  (ax,oy,o,)  with  the 
j-spin  of  the  beam  particles  so  that 

P-  pd  (3) 

is  their  magnetic  moment,  in  the  SGA  of  Fig.  I  the  par¬ 
ticles  run  along  the  y-axis,  passing  through  (the  center  of) 
a  magnetic  field  B,  directed  along  the  2-axis,  which  has  a 
strong  2-inhomogeneity.  The  resulting  force 

F  =  V(p-B)  (4) 

splits  the  beam  and  then,  it  is  hoped,  focuses  it,  both  spa¬ 
tially  and  in  spin,  before  it  leaves  the  SGA.  The  spatial  de¬ 
pendence  of  B  is  somewhat  complicated.  In  particular,  there 
are  the  transition  regions  where  the  beam  enters  and  leaves 
the  various  segments  of  the  SGA  which  require  an  essen¬ 
tial  y-dependence  of  the  magnetic  field.  Further,  Maxwell’s 
equation  V  •  B  =  0  implies  that,  in  addition  to  a  field  gradi¬ 
ent  in  2-direction,  there  must  also  be  one  in  the  x,y-plane. 
For  the  sake  of  simplicity  we  model  the  SGA  by  adopting 
(provisionally)  these  assumptions:5  that  the  spin-1/2  par¬ 
ticle  maintains  constant  speed  along  y,  permitting  the  y- 
dependence  of  the  field  to  be  replaced  by  a  t-dependence; 
that  the  x-  and  y-components  of  the  field  are  not  signifi¬ 
cant;  that  the  2-displacement  is  sufficiently  small,  relative 
to  the  center  point  z  =  0,  to  justify  the  linear  expansion  of 
B,  -  B,(y ,z)  — ►  B(t,z): 


B{t,z)S£B{t)+z—[t).  (5) 

The  interaction  energy  is  then 

-p  ■  B  — *  -pc,  B{t,  z)  =  -£  ( t)c ,  -  F(t)zo,  (6) 

where  the  energy  parameter  £(t)  =  pB(t)  and  the  force 
parameter  F(t)  =  pdB/dz  are  numerical  functions  of  time 
t,  which  are  nonzero  only  while  the  particle  is  inside  the 
SGA,  that  is,  say,  for  0  <  t  <  T. 

Our  model  Hamilton  operator  for  the  spin  and  the  z- 
motion  is  then 

H=  ^-p2-£(t)c,  -F(t)zo„  (7) 

Lm 

where,  for  notational  simplicity,  we  write  p  for  the  2-com¬ 
ponent  p,  of  the  momentum  vector  p. 

The  Heisenberg  equations  of  motion  for  z(t)  and  p[t) 
as  well  as  a,  (t)  and  a±  (t)  =  a,  {t)  ±  iay  (t) ,  implied  by  this 
Hamilton  operator,  are  solved  by 

«(t)  =  2(0)  +  p(0)  —  +  a2(0)  —  Ap(0  +  Az(0  , 

m  iTTi 

p(t)  =  p(0)  +  a,  (O)Ap(0,  (8) 

and 

c,(t)  =  o,(0), 

c+  (0  =  exp[-i($(0  +  2z(0)Ap(0/h 

-  2p(0)Az(t)/ny,c+  (0).  (9) 

The  various  numerical  functions  of  t  appearing  here  are 

Ap(0  =  f  dfF(t'), 

Jo 

Az(0  =  —  f  dt't' F(t')/m, 

Jo 

*{t)  =  |jf  *'£(*').  (10) 

The  latter  is  the  accumulated  Larmor  precession  angle  for 
the  field  strength  at  z  =  0  whereas  Ap  and  Az+  ^  A p  mea¬ 
sure  the  displacements  of  the  partial  beams  in  momentum 
and  position.  Since  the  SGA  should  enable  one  to  select 
one  of  these  partial  beams,  the  splitting  must  be  macro¬ 
scopic  when  the  separation  is  maximal  (and  Ap  =  0),  which 
ideally  happens  at  time  t  —  T /2.  In  other  words: 

Az(r/2)  »  <5z(t  =  T/2)  “  6z,  (11) 

where  8z(t)  is  the  spread  in  position  of  either  of  the  par¬ 
tial  beams  at  time  t  and  6z  is  the  initial  spread.  The  latter 
statement  of  (ll)  reflects  the  requirement  that  in  any  practi¬ 
cal  experiment  the  natural  spreading  of  a  wave  packet  must 
not  be  too  significant  during  the  time  T.  Since  the  Hamil¬ 
ton  operator  (7)  implies  a  spreading  identical  Vo  that  of  a 
free  particle,  this  requirement  tells  us  that 

T  =  m6z/8p  (12) 
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is  the  order  of  magnitude  of  T.  Here  6p  is  the  spread  in  mo¬ 
mentum,  which  is  time  independent.  In  Eq.  (11),  as  in  (l), 
we  write  “3>”  to  express  the  distinction  between  “macro” 
and  “micro”. 

In  Fig.  2,  we  sketch  typical  displacements  in  position 
and  momentum,  as  a  function  of  time.  The  corresponding 
force  F(t)  is  plotted  in  Fig.  3.  The  natural  unit  of  this  force 
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Fig.  2.  Typical  displacements  A p  in  momentum  and  Az  + 
(f/m)Ap  in  position  as  a  function  of  time. 


Fig.  3.  Typical  time  dependence  of  the  force  F(t). 

is  its  maximal  value  Ftl.  It  is  related  to  the  maximal  spatial 
displacement  by 

Az(r/2)  =  a— ,  (13) 

m 

the  number  a  depending  on  the  particular  time  dependence 
of  F[t).  It  is  of  the  order  of  1/20,  as  can  be  confirmed  by 
considering  the  specific  example 

'  F„ ,  for  0  <  t  <  T/4, 

F(t)  =  -F„,  for  r/4  <  t  <  3774,  (14) 

,  F„ ,  for  3T/4  <  t  <T, 

for  which  a  =  1/16.  Upon  combining  (13),  (12),  and  ( 1 1 ) , 
we  find 

aF„T  <5p,  (15) 

which,  qualitatively,  brings  us  back  to  Eq.  (1). 

Spin  Coherence 

Consider  incoming  particles  selected  in  the  eigenstate 
of  <t,  with  eigenvalue  o'x  =  1,  so  that 


and 


WAt  =°))  =  1, 


(*,(0)>  =0,<ff,(0))  =0, 


(16) 


(17) 


the  latter  implying  that  the  beam  will  be  equally  split  by 
the  subsequent  az -measurement.  The  expectation  value  of 
ax(t]  is,  according  to  (9),  given  by 


(ox{t))  =  Re{<J+  (t)) 


x  exp 


j(p{0)Az{t)  -  z(0)Ap(f)) 


I 


10)  ,  (18) 


where  \rp)  means  the  (normalized)  spatial  state  of  the  incom¬ 
ing  particle,  which  is  specified  by  the  probability  amplitude 
referring  to  position  or  momentum  measurements  at  time 
t  =  0, 

(z'W  =  0(z'),  (p'|0)  =  0(p')  (19) 

related  to  each  other  by  the  standard  Fourier  transforma¬ 
tion. 

Upon  expressing  the  spatial  expectation  value  of  (18) 
alternatively  as  a  z'-  or  a  p'-integration, 


(0|  exp  |  j  (p(0)Az(<)  -  z(0)  Ap(t)) 


10) 


=  I  dz' ip*  (z‘  -  Az(t))e-2“'A,',,)'"‘t/’(z'  +  Az(t)) 

=  J  dp'0*(p'  -  Ap(t))e2ip'A‘i,)/hTp{p'  +  Ap(t)),(20) 

we  observe,  for  instance,  that  the  momentum  displacement 
A p(t)  produces  a  phase  variation  in  the  z'-description,  which 
illustrates  Heisenberg’s  argument. 

The  integrals  (20)  will  tend  to  vanish,  unless  both  Az(t) 
and  Ap(<)  are  small  on  the  scale  set  by  the  initial  spreads, 
6z  and  6p.  To  arrive  at  a  more  quantitative  statement,  we 
consider  a  minimum  uncertainty  state, 


0(z')  =  (<5z)~  ’  (27r)  <■  exp  I  — 


z 

26z 


(21) 


which  produces 

{ax(t))  =cos($(0)e-’|A‘<,,/#‘lV)(i','l>/6'>l\  (22) 

where  6p  =  [h/2)/6z.  Here  we  see  that  a  macroscopic  split¬ 
ting,  either  in  position  or  in  momentum,  produces  ( ax )  =  0, 
indicating  a  total  loss  of  coherence. 

The  process  of  reuniting  the  two  partial  beams,  as  ex¬ 
pressed  by  the  spatial  properties  A z[T)  =  0,  A p{T)  =  0, 
results  in  a  spin  state  without  substantial  loss  of  coherence 
only  if  (ax  ( T ))  does  not  differ  significantly  from  its  initial 
unit  value.  Ideally,  one  would  need  A z(T)  =  0,  A p(T)  —  0 
and  an  integer  multiple  of  27t  for  $(T).  If  one  is  willing  to 
tolerate  deviations  (o  =  orbital  is  used  in  place  of  s  =  spatial 
to  avoid  confusion  with  s  =  spin), 


along  y ,  permitting  the  y-dependence  of  the  field  to  be  re¬ 
placed  by  a  t-dependence;  that  the  x-and  y-components  of 
the  field  are  not  significant: 


Sz 


*P(T) 

Sp  ~  v/2 


i,  , e„  <S  1, 


(23) 


from  the  ideal  values,  the  ability  of  the  SGA  to  conserve 
spin  coherence  is  measured  by 


«*(r)l 


A*(T) 


6z 


W  +  O  =  0- 


ap(t)|2 

6p  | 

(24) 


If,  for  instance,  we  are  satisfied  with  maintaining  99%  co¬ 
herence,  that  is  Q  =  1/100,  e,  =  e„  —  1/10  will  do. 


Accuracy  Required  in  Controlling  the  Fields 


Denoting  the  order  of  magnitude  of  the  uncontrolled 
variations  of  the  force  F(t)  by  SF,  we  may  accumulate  as 
much  as 


|A*(r)|  S  SFT2/m , 

\Ap(T)\  =  6FT  (25) 

during  the  measurement.  Tolerable  deviations,  in  the  sense 
of  (23),  must  not  exceed  the  limits 

m  1 

SF<e„  —  <52,  SF  <  („  —Sp,  (26) 

which,  in  the  light  of  (12),  are  equivalent.  The  comparison 
with  (15)  now  establishes  that 

SF  ,  , 

ae„.  (27) 

*  O 

Consider,  for  example,  the  situation  where  “*C”  ~  10“ 3  and 
a  ~  10"  1 .  Then, 

SF 

—  =  10“ 4  e„  =  10*  “,  (28) 

*  0 

if  we  insert  for  e„  the  number  cited  in  the  context  of  (24).° 
Discussion 

We  found  that  a  SGA  can  split  a  beam  of  spin-I/2  par¬ 
ticles  macroscopically  without  destroying  the  microscopic 
phase  relations  provided  that  the  experimenter  can  repro¬ 
duce  the  magnetic  field  gradient  with  a  precision  of  1  part 
in  103.  This  number  reflects  factors  of  103  for  the  distinc¬ 
tion  between  “macro”  and  “micro”  and  99%  coherence.  [If, 
instead,  “<C”  stands  for  10“ 2  and  one  is  content  with  80% 
coherence,  the  respective  precision  is  1  part  in  103 .]  In  ad¬ 
dition  to  that,  we  made  a  series  of  physical  approximations 
along  the  way,  which  require  attention.  We  are  now  going 
to  argue  that  all  of  them  are  biased  toward  the  success  of 
the  experiment,  so  that  the  required  relative  accuracies  are 
at  least  10“  5 . 

Let  us  repeat  the  assumptions  we  made  in  adopting  the 
model:  that  the  spin-j  particle  maintains  constant  speed 


E  (x,  y,  z) -i-»  B(t,z)—>  (0,0,  B(t,  z))-^->  (0,0,  B(t) 

+  ™(t)z),  (29) 

which  was  followed  by  the  linearization  (5),  here  referred 
to  as  the  third  step.  We  shall  now  consider  the  three  steps 
individually  and  argue  that  what  is  discarded  in  each  step 
has  a  tendency  to  destroy  spin  coherence. 

In  step  one,  the  change  in  velocity  along  y  is  ignored, 
which  actual  change  originates  in  the  y-dependence  of  the 
potential  energy  —  fi  ■  B.  This  velocity  change  is  different 
for  the  two  partial  beams  because  one  gains,  and  the  other 
one  looses,  potential  energy.  As  a  consequence,  the  total 
time  spent  inside  the  SGA  is  slightly  different  for  atoms 
with  =  1  and  o\  =  —1,  so  that  there  is  a  very  small 
relative  displacement  along  y  preventing  the  experimenter 
from  perfectly  reuniting  the  beam.  This  presumably  results 
in  some  loss  of  spin  coherence.  Another  aspect  of  the  spin 
dependence  of  the  potential  energy  is  the  small,  but  differ¬ 
ent  probability  for  reflection  at  the  boundaries  of  the  SGA, 
which  again  presumably  reduces  the  spin  coherence. 

Step  two  disregards  the  time  dependence  of  oz .  In  an 
arbitrary  magnetic  field  we  would  have 

d  i 

B-  -  a~  B+)< 

Tt°+  =  _2^(£T+B'  -°zB+),  (30) 

where  o±  have  the  significance  introduced  in  the  context 
of  Eqs.  (8)  and  (9),  and  B±  =  Bz  ±  iBy,  analogously.  A 
functioning  SGA  allows  for  selecting  atoms  with  a  specified 
value  of  o, ;  therefore  oz  (t)  =  oc  (0)  must  hold  very  well  for 
all  t.  In  Eq.  (30)  this  requires  rapid  oscillations  of  o+  and 
<7_  ,  which  condition  is  met  if  Bz  dominates  over  Bx  and 
BXJ  throughout  the  measurement.  We  now  face  the  reality 
that  a,  is  not  a  constant  of  the  motion  [Rx  and  By  cannot 
both  vanish  everywhere,  because  V  •  B  =  0  requires  their 
presence  if  there  is  a  nonzero  force  p.dBz /dz  in  z-direction). 
Likewise 


mdF x  =  /i^(cr*'B'  +  \a+B~  +  B+) 

implies  some  deflection  in  the  z-direction,  which  is  negli¬ 
gible,  provided  that  dB,jdx  =  0  and  cr±  oscillate  rapidly. 
We  conclude  that  the  dynamical  effects  that  are  neglected 
in  step  two,  are,  indeed,  small,  but  their  presence  may  lead 
to  a  loss  of  spin  coherence. 

In  step  three,  the  z-dependence  of  the  force  is  disre¬ 
garded.  If  taken  into  account  it  results  in  paths  of  unequal 
lengths  for  the  two  partial  beams.  As  a  consequence,  simi¬ 
lar  to  the  velocity  effects  in  step  one,  perfect  focusing  of  the 
beam  is  hampered,  and  some  of  the  spin  coherence  presum¬ 
ably  is  lost.7 

So  much  for  the  idealizations  inherent  in  our  physical 
model  of  a  SGA.  One  additional  idealization  consists  in  thr 


use  of  the  minimum  uncertainty  state  (21).  If  no  such  special 
choice  is  made,  Eq.  (24)  must  be  replaced  by 


ii-(^m>i~-w)i2 
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fSz6p\2  ' 

A  z{T) 

4-  ! 

Ap(T) 

W/2J 

Sz 

1 

Sp 

(32) 


As  a  consequence,  one  then  needs 

|Ap(T) 


— <  —ID, 
Sz  -  2  7  ’ 


Sp 


<~/D, 


D  h  SzSpj  —  >  1 


(33) 


to  maintain  Q  =  (t2  +  c2)/2.  For  example,  in  a  standard 
atomic  beam  experiment,  with  Sz  and  Sp  implied  by  the  ge¬ 
ometry  of  the  slits  defining  the  particle  beam,  in  conjunction 
with  the  velocity  of  the  particles,  the  number  D  is  typically 
of  the  order  of  103 .  The  relative  accuracy  has  to  be  increased 
by  this  amount,  that  is:  10' 8  for  the  gradient  of  the  field. 

In  summary,  we  state  that  a  perfect  reconstruction  of 
the  initial  beam,  maintaining  100%  spin  coherence,  is  out  of 
the  question.  In  this  sense  spin  coherence  is  like  Humpty- 
Dumpty:  once  destroyed  you  cannot  put  it  together  again. 
In  the  real  world  it  may  be  possible  to  recover,  say,  99% 
coherence,  provided  the  experimenter  is  able  to  control  the 
SGA  at  least  with  the  “fantastic”2  precision  of  one  part  in 
10s  for  dB/dz. 


Reprinted  with  permission  from  Foundations  of  Physics. 
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Abstract 

In  a  recent  paper  the  consequences  of  squeezing  the  external  field  leaking  into  a  laser 
cavity  on  the  laser's  phase  diffusion  rate  was  calculated.  In  the  present  paper  this  work 
in  extended  to  include  the  effect  of  such  a  squeezed  loss-reservoir  on  the  photon 
statistics  of  the  laser  field. 

Specif ically ,  the  equations  of  motion  for  the  reduced  density  matrix  and,  subsequently, 
for  various  moments  of  the  operators  describing  the  laser  field  can  be  obtained. 

It  is  found  that,  in  steady  state,  the  average  number  of  photons  in  the  laser  field 
does  not  differ  appreciably  from  the  case  of  coupling  to  ordinary  vacuum.  However,  the 
variance  in  the  average  number  of  photons  is  significantly  increased  by  the  presence  of 
the  squeezed  loss  reservoir. 


Introdu c  ti on 

The  fundamental  noise  in  a  laser  field  can  be  thought  of  as  resulting  from  the  coupling 
of  the  field  to  the  gain  medium  and  the  loss  reservoir.  Each  of  these  reservoirs  feeds 
random  noise  into  the  laser  field  —  the  gain  medium  via  spontaneous  emission  and  the  loss 
reservoir  through  the  vacuum  fluctuations  leaking  into  the  laser  cavity.  In  this  paper, 
preliminary  results  regarding  the  effect  of  squeezing2  the  loss  reservoir  on  the  photon 
statistics  of  the  laser  field  are  presented.  This  work  is  intended  as  a  means  to  begin  to 
understand  the  manner  in  which  the  statistical  properties  of  a  laser  field  might  be 
tailored  by  restructuring  the  noise  introduced  by  the  coupling  to  the  gain  medium  and  the 
loss  reservoir.  Such  a  tailored  light-field  would  have  obvious  applications  in  many  areas 
including  laser  interferometry,  spectroscopy  and  optical  communications. 

The  Model 

The  model  system  studied  in  this  paper  is  depicted  in  Fig.  1.  Squeezed  vacuum  is 
injected  through  a  partially  transmitting  mirror  into  a  laser  cavity  containing  a 
conventional  gain  medium.  This  system  was  originally  studied  by  Gea-Banacloche3  who 
showed  that,  under  certain  conditions,  the  phase  diffusion  rate  of  the  laser  field 
produced  in  such  an  arrangement  could  be  a  factor  of  two  smaller  than  that  in  a  laser 
coupled  to  ordinary  vacuum.  That  only  a  factor  of  two  could  be  achieved  was  attributed  to 
the  fact  that  only  one  of  the  two  systems  which  feed  noise  into  the  laser  field  is 
squeezed  in  this  system.  That  is,  the  noise  introduced  by  the  gain  medium  is  phase 
insensitive  and  so  gives  rise  to  the  residual  phase  diffusion.  Further,  this  result  is 
valid  only  in  the  transient  regime,  since  as  shown  by  Gea-Banacloche  and  later  by  Marte 
et.al.  ,  the  laser  phase  eventually  locks  to  a  value  for  which  the  phase  diffusion  rate  is 
enhanced.  That  is,  in  steady  state,  the  phase  of  the  squeezed  field  0  is  related  to  that 
of  the  laser  field  0  by  the  relation  0=0  ±/2.  Thus,  the  injection  of  the  squeezed  light 
has  enhanced  phase  fluctuations  (relative  to  the  laser  phase)  and  reduced  amplitude 
fluctuations.  For  the  sake  of  clarity  it  should  be  noted  that,  in  the  locked  regime,  free 
phase  diffusion  no  longer  occurs  but  rather  the  uncertainty  in  the  laser's  phase  variable, 
as  shown  by  Marte,  et.al.,  reaches  a  steady  state  value  somewhat  larger  than  that  for  a 
coherent  state  field  with  the  same  average  number  of  photons. 
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In  this  paper  results  pertaining  to  the  photon  statistics  of  the  field  produced  by  the 
model  arrangement  of  Fig.  1  are  presented.  In  particular,  the  rather  surprising  result 
that,  while  the  average  number  of  photons  in  the  intra-cavity  field  is  essentially 
unchanged  by  the  injection  of  squeezed  vacuum,  the  variance  in  the  number  of  photons  is 
dramatically  increased.  This  dramatic  increase  is  somewhat  unexpected  because,  as  noted 
above,  in  steady  state  the  relative  phase  of  the  injected,  squeezed  vacuum  is  such  that  it 
has  reduced  amplitude  (closely  related  to  the  number  of  photons)  fluctuations.  Still 
introduction  of  this  squeezed  vacuum  results  in  enhanced  number  fluctuations.  In  tie  next 
section  this  result  is  formally  established. 

To  complete  the  description  of  the  model  system,  a  short  description  of  the  squeezed, 
vacuum  injected  into  the  laser  cavity  is  given  below.  This  squeezed  vacuum  is  coupled 
into  the  laser  cavity  via  the  partially  transmitting  mirror  (the  only  loss-source  in  the 
system)  as  depicted  in  Fig.  1.  The  injected  field  is  assumed  to  be  uniformly  squeezed 
over  a  bandwidth  larger  than  the  cavity  decay  rate  7.  Thus,  the  state  of  the  injected 
field  is  given  by 

U  s>  =  |J  exp  r~  (  r/2  )  e_2lf1  b(<..0  +  ()b(«0-c)  +  (r.'2)e2lfl  bf  ( 0.o+(  )  bf  ( <,-0-f  )  ]  10>  (3) 

f  >0 

Here,  r  is  a  real,  positive  squeezing  parameter  (for  no  squeezing,  r  -  0,  for  maximum 
squeezing  r  » ) ,  0  is  the  phase  of  the  squeezed  field,  b  (b1 )  is  the  annihilation 

(creation)  operator  for  the  squeezed  field,  and  is  the  nominal  laser  frequency. 


GAIN  MEDIUM 
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LASER  CAVITY 


Fig .  1 

Laser  ^oupled  to  Squeezed  Vacuum 
Formal  ism 


The  equation 
associated  with 


of  motion  for  the  reduced  (obtained  by  tracing  over  the  operators 
the  gain  medium  and  the  squeezed  loss-reservoir)  density  matrix  . 


describing  the  intracavity  field  can  be  shown  to  be  of  the  form- 
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Here,  a  (a+)  is  the 
"adj . "  denotes  the  he 
respecti vely ,  the  linear 


annihilation  (creation)  operator  for  the  intracavity  laser  field  and 
ermitian  adjoint.  Further,  C  =  ->cosh2r  and  A  =  A  -1-  osinh^r  are, 


adj 

loss  and  gain 


rates  in  the  presence  of  the  injected,  squeezed 


vacuum.  As  noted  earlier,  7  is  the  loss  rate  of  the  cavity  into  ordinary  vacuum  and  AQ  is 
the  linear  gain  rate  associated  with  the  gain  medium.  Note  that  the  difference  between 
the  loss  and  gain  rates  in  the  presence  of  the  squeezed  loss  reservoir  is  the  same  as  in 
its  absence  (r  =  0).  That  is,  A  -  C  =  AD  -7.  Also,  in  Equation  2,  B  is  the  usual  third 
order  saturation  parameter  and  S  =  7  sinnrcoshr.  The  first  three  terms  in  Equation  2  have 
the  same  form  (with  altered  loss  and  gain  rates)  as  the  corresponding  expression  in  the 
absence  of  the  squeezing  of  the  loss  reservoir.  The  final  term  is  due  solely  to  the 
injection  of  the  squeezed  light  and  is  primarily  responsible  for  the  new  features  of  this 
system . 

In  order  to  calculate  the  average  number  of  photons  n  =  <aTa>  and  the  variance  in  this 

number  .'  =  <n2>  -  <n>2,  one  can  construct  equations  of  motion  for  n  and  n  via  the 

d<0> 

prescription  -  =  Tr(.O).  where  0  represents  a  general  operator  and  Tr  denotes  the 

d  t 

tracing  operation.  Then  one  can  attempt  to  solve  these  equations  in  steady  state.  In 
carrying  out  this  procedure  it  is  found,  as  in  conventional  laser  theory,  that  these 
"moment"  equations  are  coupled  to  higher  moments  of  the  number  operator.  In  addition,  the 
injection  of  the  squeezed  vacuum  introduces  a  phase  sensitive  coupling  to  expectation 
values  of  operators  involving  a2  and  aT2.  The  resulting  hierarchy  of  coupled  equations 
can  be  truncated  by  using  the  approximations, 

<n3>  -  n3  +  3  n  .•  ,  (3a) 


and 


Jn2v>  »  n2v  +  2n 


O 

where  for  simplicity  the  definition  v  =  a*  has  been  introduced  and 


(3b) 


,.  =  <nv>  -  nv.  (4) 

This  approximation  is  motivated  by  a  similar6  procedure  used  in  conventional  laser  theory 

and  is  based  on  the  assumption  that  <(n  -  n)3>  and  <(n  -n)2{v  -  v)>  are  small  compared  to 
the  terms  retained  in  Equations  (3)  since  they  are  essentially  expectation  values  of  odd 
powers  of  the  difference  between  an  operator  and  its  average  value. 

Under  this  truncation  scheme  the  following  closed  set  of  coupled  equations  can  be 
derived : 


d 

—  n  =  (A  -C  -  Bn )n  +  A  -  B>  -  2Bn  -  B 
dt  n 


(  3a ) 


and 


d 

—  ( •  ■  n )  =  (A  C  -  Bn  t  n  +  2  (A-C  -  2Bh)'n  2S  \  v’  cos  (  2v  -  20  )  (5b) 


d  5  5 ,7, 

—  v  =  ( A  -  C  -  3h )  v  -  Be  -  -  Bv  +  Se^1'' 
dt  2 


:  5c) 


—  (•■  )  =  [  2  ( A  -  C)  -  3B  n1  .1  (  2A  -  3Bmv  -  Bv  •  +  2Sn  e2i(l  (  5d ) 

dt  n 


Here,  v  =  jv|e2^'/'  so  that  represents  the  phase  of  the  lasing  field.  As  noted  above, 
Gea-Banac locke  has  shown  that,  in  steady  state,  2 •/■  -  2()  =  n.  Under  this  locked  condition, 
the  set  of  equations  can  be  solved  in  steady  state  subject  to  the  usual  third  order 

conditions  and  so  long  as  the  average  number  of  photons  in  the  squeezed  field  n  =  sinh2r 
is  much  less  than  that  in  the  laser  field).  The  results  of  performing  this  procedure  are 
summarized  in  the  next  section. 
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Results 

For  simplicity,  only  the  results  appropriate  in  the  strong-squeezing  limit  are 
presented  here.  That  is,  for  the  case  when  the  average  number  of  photons  in  the  injected, 

squeezed  field  ns  =  sinh'r  >>  1  (but  still  much  less  than  n) ,  the  pertinent  results  are, 

«  -  U  +  °nohs/2Tio2  >  =*  Ro  <6a> 


(ns/2) 


(6b) 


1 


(6c) 


Here,  r.  =  — - —  -  1  and  n  =  ->/B  are,  respectively,  the  average  number  of  photons  and  the 
B 

variance  in  the  number  of  photons  in  the  laser  field  in  the  absence  of  the  squeezing  of 

the  loss  reservoir.  First,  note  that  the  average  number  of  photons  n  is  increased  only  by 

an  additive  term  which  is  on  the  order  of  the  number  of  photons  in  the  squeezed  field. 

That  is  ri  is  changed  by  a  negligible  amount.  However,  the  variance  cr  n  is  dramatically 

enhanced.  In  fact,  it  is  a  multiplicative  factor  of  ns/2  larger  than  in  the  absence  of 
squeezing.  A  more  detailed  analysis  shows  that  a  4  a in  the  weak  squeezing  limit  and 
that  o n  >  ,Tno  for  all  values  of  the  squeezing  parameter  r.  This  latter  result  is 

presented  in  a  forthcoming  paper.  As  noted  earlier,  such  a  dramatic  increase  is  somewhat 
unexpected  due  to  the  fact  that  the  laser  phase  locks  such  that  the  squeezed  vacuum 
feeding  into  the  laser  cavity  has  reduced  amplitude  fluctuations.  A  possible  resolution 
of  this  logical  discrepancy  emerges  from  noting  that  only  one  of  the  two  sources  of 

fluctuation  in  the  laser  field  has  been  squeezed.  The  gain  medium  still  contributes  phase 

insensitive  noise  which,  presumably,  is  responsible  for  the  fact  that  ]v|  =  |<a2>|  »  n/2. 


as.  shown  in  Equation  (6c),  rather  than  n  as  it  would  for  a  coherent  state  field.  The 
phase  of  the  laser  field  does  jitter  about  its  locked  value.  Thus,  the  phase  of  the 
injected,  squeezed  field  is  not  always  exactly  aligned  such  that  it  is  precisely  the 
amplitude  fluctuations  of  the  injected  field  which  are  squeezed.  A  heuristic  description 
of  how  this  behavior  can  be  understood  to  lead  to  the  dramatic  increase  in  o n  displayed  in 
Equation  (6b)  as  well  as  other  interesting  features  of  this  system  will  be  explored  in  an 
upcoming  publication. 


Conclusions 

In  this  paper  the  effect  of  injecting  squeezed  vacuum  into  a  laser  cavity  on  the 
photon  statistics  of  the  resulting  laser  field  is  explored.  The  surprising  result  that 
the  variance  in  the  number  of  photons  in  the  intra-cavity  field  is  dramatically  increased 
in  such  a  system,  even  though  the  laser  phase  locks  so  that  it  is  the  amplitude 
fluctuations  in  the  injected  squeezed  vacuum  that  are  squeezed,  has  been  presented.  This 
study  is  intended  as  background  material  for  coming  to  a  better  understanding  of  the 
manner  in  which  the  statistical  properties  of  a  laser  field  might  be  tailored  by  an 
appropriate  restructuring  of  the  noise  introduced  by  the  gain  medium  and  loss  reservoir 
which  are  coupled  to  the  field. 
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Abstract 

We  show  that  quantum  time  averages  of  the  density  matrix  for  a  driven  but  undamped  system  lead  to  a  physically 
transparent  explanation  of  steady  state  population  inversions  that  occur  in  certain  systems  with  particular  spontaneous 
emission  damping  rates.  We  review  and  show  the  relevance  of  a  formalism  which  permits  time-smoothed  transient 
solutions  to  be  generated  a  priori.  We  derive  equations  which  extend  this  development  to  the  case  where  there  are 
time-dependent  generated  cavity  fields.  Theoretical  results  demonstrate  lasing  without  inversion  and  we  discuss  this 
result  in  light  of  the  time-average  treatment.  Finally  we  describe  a  symbolic  manipulation  computer  code  which 
allows  us  to  start  from  limit  operations  on  a  certain  matrix  inverse  to  enumerate  terms  in  explicit  rational  expressions 
for  the  time  average  operators,  which  give  the  averaged  density  matrix  in  terms  of  its  initial  values. 

I.  Introduction 

We  have  recently  pointed  out  the  potential  usefulness  of  certain  types  of  laser-pumped  multilevel  atomic  systems  for 
frequency  upconversion.1  When  these  isolated  atoms  are  subjected  to  coherent  laser  light  at  saturating  intensities, 
large  steady  state  population  inversions  are  predicted.  The  pumped  transitions  in  these  systems  share  common  levels 
and  differ  in  this  respect  from  certain  recently  proposed2  and  earlier3  systems  for  upconversion.  In  addition,  certain 
specific  requirements  are  imposed  on  particular  damping  rates  and  detunings.  Although  the  existence  of  inversions  in 
systems  with  coherent  pumping  between  multiple  levels  has  been  predicted  in  earlier  calculations, '  the  large  inver¬ 
sions  in  these  particular  systems  have  raised  interesting  questions  concerning  the  physical  mechanisms  involved. 

In  addition  to  the  inversions  themselves,  the  predicted  dynamical  behavior  when  a  resonant  cavity  is  present  at  the 
frequency  of  the  inverted  transition  also  exhibits  an  unexpected  degree  of  complexity.  For  low  mirror  reflectivities,  a 
cavity  field  is  generated  and  interacts  with  the  inversion  of  the  lasing  medium  in  much  the  same  way  as  in  a  standard 
laser  as  described  by  rate  equations.  At  higher  reflectivities,  however,  the  medium  in  the  presence  of  the  (larger)  cav¬ 
ity  field  displays  behavior  which  is  more  like  wave-mixing  than  standard  lasing.  Again  the  question  of  physical 
mechanism  arises. 

The  basic  theoretical  description  of  pumping  and  energy-extraction  in  these  systems  utilizes  Maxwell-Bloch  equa¬ 
tions  to  describe  the  coupled  dynamics  of  the  field  and  the  density  matrix  of  the  atoms.  Rate  equations  are  commonly 
used  to  model  laser  dynamics  in  many  types  of  systems,  but  these  fail  completely  to  give  inversions  such  as  these  that 
are  predicted  by  the  full  density  matrix  equations  under  saturating  field  conditions.  A  physical  picture  consisting  of 
incoherent  radiative  transitions  occurring  between  coupled  levels  is  clearly  not  adequate  in  this  case.  We  will  show, 
nevertheless,  that  an  equally  simple  physical  picture  does  apply,  but  that  it  is  quite  different  from  the  usual  rate  equa¬ 
tions. 

There  are  two  essential  features  for  inversion  in  the  Frequency  Adding  MEdia  (FAME  systems)  which  we  have 
described1:  First,  in  a  pumped  three  level  system,  the  intermediate  level  should  be  detuned  from  resonance  by  an 
amount  at  least  an  order  of  magnitude  over  the  Rabi  frequency  and  the  extreme  level  should  satisfy  the  two  photon 
resonance  condition  which  allows  Rabi  cycling  between  the  extreme  levels  as  if  they  were  a  two  level  system  with  an 
effective  Rabi  frequency.6  Second,  specific  incoherent  transition  rates  from  spontaneous  emission  or  collisional  damp¬ 
ing,  despite  the  saturating  field  conditions,  exert  an  overriding  influence  on  the  steady  state  populations5  and  there  are 
consequently  conditions  that  these  rates  must  satisfy  if  there  are  to  be  population  inversions. 

We  begin  in  the  following  section  by  describing  in  greater  detail  the  energy  level  structure  of  systems  of  interest  and 
show  why  we  should  expect  inversions  to  be  created  in  these  systems.  We  show  that  a  previously  developed  reformu¬ 
lation7  of  the  full  density  matrix  equations  in  terms  of  time-average  operators  leads  to  an  "intuitive"  explanation  of  the 
population  inversions  in  these  systems.  These  time-average  operators  are  linear  operators8  describing  how  the  long 
time  average  behavior  of  the  density  matrix  depends  on  its  initial  values.  (Damping  terms  which  would  lead  to  an 
initial-value-independent  steady  state  are  explicitly  excluded  in  determining  this  average  behavior,  although,  as  we 
shall  see,  they  are  included  separately.) 

Although  the  intuitive  explanation  for  steady  state  inversions  has  been  presented  previously1,  we  are  discussing  here 
for  the  first  time  its  connection  with  the  rigorous  time-average  formalism.  We  follow  this  with  a  discussion  of  some 
applications  of  the  formalism  to  time  dependent  problems,  including  generalizations  which  allow  treatment  of  systems 
where  the  fields  themselves  are  time  dependent.  Finally  we  discuss  the  analytic  form  of  the  time-averaging  operators 
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which  form  the  basis  for  the  formalism.  These  are  rational  functions  of  the  field  amplitude  and  detuning  parameters6. 
While  these  are  by  no  means  as  simple  in  general  as  the  Lorentzian  type  expressions  which  appear  in  the  standard  rate 
equations,  excellent  approximations  which  are  quite  simple  in  analytic  form  apply  in  the  two-photon  resonance  case. 
For  more  general  applications,  we  describe  a  symbol-manipulation  program  which  we  have  written,  which  will  allow 
the  time-average  quantities  to  be  determined  for  arbitrary  detuning  and  (within  practical  limitations)  for  an  arbitrary 
number  of  coupled  levels. 


LI.  Time  Average  Behavior  and  Steady  State  Inversions 

The  quantum  levels  for  a  typical  FAME  system  and  the  evolution  of  their  populations  as  a  function  of  time  (in  the 
absence  of  any  cavity  which  might  support  buildup  of  additional  non-pump  fields)  are  shown  in  Figs.  1  and  2  respec¬ 
tively. 


o  .  - - -  - - - - - - - - - - - - - - 

•0.00  *1 .20  *2. 4B  *3.60  *4.00  *6.00 

TinE(NSEC)  x  10*2 

Fig.l  -  Typical  multilevel  system  which 

shows  4/1  population  inversion  with  appro-  Fig.2  -  Approach  to  steady  state  for  system  in  Fig.l  with  (3,  =  5., 
priate  detunings  and  decay  constants  P2  =  20.,  A,2  =  50.,  Al5  =  7.59,  k4  =  .0049,  and  ks  =  .0068  (nsec4) 


For  the  behavior  predicted  in  Fig.  2,  the  essential  parameters  for  the  system  depicted  in  Fig.  1  are  that  the  resonance 
condition 


A] 5  ~  (Pi  $2)^12 


(1) 


be  approximately  satisfied  and  that  the  decay  rate  k5  from  level  5  to  level  4  (from  spontaneous  emission,  say)  be  large 
compared  with  the  decay  rate  k4  out  of  level  4.  Here  P[  and  P2  are  the  respective  Rabi  frequencies  for  pumping 
between  levels  1  and  2  and  between  levels  2  and  5.  Under  these  conditions,  the  steady  state  population  of  level  4  is,  as 
shown,  inverted  with  respect  to  all  the  lower  energy  levels. 

The  above  system,  while  having  (as  we  shall  see)  certain  desirable  features  with  regard  to  ease  of  extracting  energy 
from  the  inversion,  is  needlessly  complicated  from  the  point  of  view  of  illustrating  the  basic  mechanism  by  which  the 
inversion  is  created.  A  simpler  system,  which  also  shows  the  inversion,  is  shown  in  Fig.  3. 

The  ratio  of  level  2  to  level  1  population  for  this  system  is  shown  in  Fig.  4  as  a  function  of  both  the  detunings  A12  and 
Au.  Note  that  the  width  of  the  "resonance”  for  this  inversion  process  becomes  much  narrower  in  the  A13  detuning  as 
the  A12  detuning  becomes  larger. 

The  systems  illustrated  here  are  characterized  by  the  fact  that  oscillations  due  to  Rabi  frequencies  or  detunings  take 
place  on  a  faster  time  scale  than  the  time  scale  of  damping.  (See  Fig.  2,  for  example.)  Physically,  the  behavior  ot  such 
systems  may  be  thought  of  as  characterized  most  of  the  time  by  "free"  Rabi  cycling  as  if  the  system  had  no  damping, 
punctuated  at  random  intervals  by  collisions  which  result  in  transitions  between  levels  and  loss  of  phase.  (This  gen¬ 
eral  picture  applies  even  when  the  damping  is  provided  by  other  than  collisional  mechanisms,  since  the  statistics  01 
spontaneous  decay,  for  example,  are  similar  to  those  of  collision  induced  events.)  Our  intuitive  model  for 
population  inversion  in  FAME  systems  where  Rabi  cycling  is  simply  assumed  to  mix  certain  levels  and  equalize 
their  populations  is  based  on  this  physical  idea.  However,  this  physical  picture  also  leads  to  a  very  general  reformula¬ 
tion  of  the  density  matrix  equations  as  a  set  of  rate  equations  for  the  time-smoothed  density  matrix,  which  can,  in 
effect,  play  a  role  similar  to  that  played  by  ordinary  rate  equations  in  the  strong  damping  regime.  Here  we  review  the 
physical  arguments  leading  to  the  time-smoothed  rate  equations  and  show  how  the  population  inversions  m  the  1-AMb 
system  follow  as  a  particularly  simple  consequence  of  the  equations  derived. 
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Fig.3  -  Three  level  system  which  can  show  inversion  for 
large  intermediate  level  detuning. 

Because  of  the  time  scales  in  these  systems  many  Rabi 
oscillations  occur  between  collisions  and  the  phase  of  the 
oscillation  at  the  time  of  a  collision  must  itself  be  random. 
Therefore  we  can  think  of  the  collision  event  as  involving 
the  time-averaged  density  matrix.  The  linear  dependence 
on  the  initial  density  matrix8  (where  in  this  context  "initial" 
may  mean  after  the  last  collision)  can  be  described  by  a 
tetradic  operator  T  where, 


Fig.4  -  Inversion  of  system  in  Fig.  3  as  a  function  of  the 
two  detunings  for  Xr3  =  .0016,  k2  =  .0001,  P,  =  1.0,  p2  =  4.0 


_  (time  average) _  y  j,  (initial) 

n)'  ^  1  ij,kirkl 


(2) 


We  can  also  describe  the  effects  of  damping  by  constructing  a  tetradic  operator  K  which  operates  on  the  density 
matrix  p  before  the  random  decay  event  to  produce  a  new  density  matrix  £p.  For  collisional  damping,  we  assume9 

*i,*  =  WV*  (3) 

which  means  that  phases  are  totally  randomized  at  each  collision  and  that  atoms  in  state  k  undergo  transitions  to  level  i 
with  probability  P,  «_*. 


Now  we  consider  approximations  to  the  density  matrix  solutions  such  as  those  shown  in  Fig.  2,  where  we  smooth 
out  the  oscillations  and  obtain  an  average  solution  p,v  as  a  function  of  time.  We  explicitly  consider  the  ensemble  aver¬ 
age  over  collision  histories  which  makes  up  the  density  matrix.  Those  atoms  that  have  recently  undergone  a  collision 
will  have  a  time  averaged  density  matrix  of  TK  pav,  compared  with  p4V  for  those  that  have  not.  Since  the  probability  of 
a  collision  in  an  interval  At  short  compared  with  the  collision  time  x  is  At  lx  and  that  of  no  collision  is  1  -  At  lx,  the 
change  in  pav  in  this  time  interval  is  given  by 


At 


APav=T~7’KPav+  1_"T 


At 


Pav  Pa 


(4) 


and  pav,  as  a  result,  satisfies  the  differential  equation 


^Pav  1 

~=-(TK- l)Pav  (5) 

A  derivation  which  is  more  mathematically  rigorous  and  which  allows  the  conditions  for  validity  to  be  stated  more 
precisely  appears  in  Ref.  7.  We  note  that  since  Eq  (5)  is  an  equation  for  a  smoothed  out  p,  we  must  use  TpMl  rather 
than  p,rat  itself  as  the  initial  condition. 

Now  we  consider  the  application  of  Eq  (5)  to  the  system  shown  in  Fig.  3,  consisting,  as  previously  noted,  of  an 
intermediate  level  far  off  resonance  and  extreme  levels  near  two-photon  resonance.  Under  these  conditions  systems 
starting  out  in  either  of  the  extreme  levels  have  a  very  small  time-averaged  population  in  the  intermediate  level  and 
vice  versa,  i.e., 
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which  in  turn  implies 


(6a) 


■^11.22  “  ^22,11  —  T'll.ll  ~  ^22,3}  =0 


^22.22  —^  (66) 

The  degree  of  transfer  of  population  between  the  extreme  levels  depends  on  the  exact  two  photon  tuning  condition, 

T33.11  =  7\i  13  =  t  (6c) 

7~11,11  —  ^33,33  =  1  ~  C 

where8. 


r  =- 


2p?pl/A 


■12 


4pfp?/A?2  +  {Au-(pf-©/A12}: 


(7) 


The  form  of  this  population  transfer  expression  is  important  because  it  enters  directly  into  the  steady  state  population 
inversions,  which,  for  collisional  relaxation,  are  solutions  to  the  coupled  equations 


-,Pjj  =  Pa.  i=1-3 


(8) 


Including  only  those  (spontaneous  emission-like)  terms  in  Eq(8)  where  i  <  j  in  Pt  and  eliminating  any  terms  where 
the  T  matrix  elements  are  very  small  (see  Eq(6))  leads  to 

7*2  <-  2P22  +  ^2  <-  3P33  =  P22  (9) 

Noting  that  /’i  ^  2  =  1  -  7*1  ^  2.  we  find  that 


3P33  “  7s!  2P22 

Substituting  this  relationship  in  either  the  i=l  or  i=3  equation  then  gives 

'•(Pi  1  "  P33)  +  (2r  - 1  )/>,  _  2P22  =  0 
We  can  now  solve  for  the  2/1  population  ratio, 

P22 _ '7^2  <—  3 _ 

P11  (1— 2r)P  2v-3  +  r7>  i<-2 


(10) 

(11) 

(12) 


Now  the  expression  in  Eq(6)  for  r  can  be  seen  to  vary  between  zero  far  from  resonance  and  the  value  1/2  exactly  on 
resonance.  The  maximum  population  ratio  in  Eq(12)  occurs  at  resonance  and  is  just  given  by  P2^^Pu-i>  the  same  as 
predicted  by  the  intuitive  model  by  using  a  rate  equation  for  level  2  (the  same  as  Eq(10))  and  forcing  pn  =  p33  to 
account  for  strong  "mixing"  between  the  extreme  levels.  Off  resonance  the  population  transfer  expression  shows  a 
width  20,02/^12  proportional  to  the  effective  Rabi  frequency6 and  this  width,  as  well  as  the  resonance  condition, 

A,3  =  (3?-P£>/A12,  are  reflected  in  the  location  and  width  of  the  population  ratio  ridge  shown  in  Fig.4. 

It  is  interesting  to  note  that  if  this  basic  two  photon  resonance  situation  is  maintained,  but  one  of  the  pump  fields  is 
increased  in  such  a  manner  as  to  bring  the  population  transfer  between  levels  2  and  3  up  to  a  significant  value  .r,  level 
3  can  also  become  inverted  with  respect  to  the  ground  level.  To  illustrate  this,  we  take 

Pa  =  s  ;  r22  =  1  -  s  ;  Tu  =  0 

Tu  =  r  ;  r„  =  l-r  ;  T3i=\-r-s  (13) 


(where  we  must,  in  every  case  have  TtJ  =  Tx)  and  again  solve  Eqs(8),  this  time  for  the  3/1  population  ratio.  For  two 
photon  resonance  (r=l/2), 

P33  _ P\  «-2  +  S  ~  ■?7>  |<-2 _ 

Pn  T3 ]  ^2  +  S  —  sP 2*-3  ~sP  2<-3 

and  it  is  easy  to  see  that  for  P ,<_2<  7*2 «-  3  this  population  ratio  can  exceed  unity  by  a  considerable  fraction.  Three  to 
one  population  inversions  of  this  type  have  also  been  predicted  from  spontaneous  emission  damping  models. 
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We  have  applied  the  time-averaging  formalism  to  obtaining  steady  state  solutions  in  Sec.  II.  The  physical  argu¬ 
ments  leading  to  Eq(5)  (and  the  mathematical  derivation  in  Ref.7),  however,  show  that  it  should  also  correctly  predict 


Fig.5  -  Comparison  of  first  three  level  populations  pre¬ 
dicted  by  Eq(5)  (smooth  curves)  and  by  full  Bloch  equa¬ 
tions.  Level  3  populations  are  almost  indistinguishable. 

the  approach  of  the  time-smoothed  quantity  p4V  to  steady 
state.  We  note  that  the  initial  density  matrix  in  Eq(5)  also 
corresponds  to  pav,  i.e.,  we  must  use  T p'ml  rather  than  p1"11 
itself  as  the  initial  condition.  In  fact  once  this  initial  rela¬ 
tionship  is  fixed  then  we  can  show  that  at  all 

succeeding  times  t,  p,v(r)  is  identical  with  T p(r).  We  have 
solved  Eq(5)  for  the  system  shown  in  Fig.  1  and  compared 
it  with  the  full  Bloch  equation  results.  Comparisons  of 
level  1-3  populations  are  shown  in  Fig.  5. 


The  solutions  of  Eq(5)  clearly  represent  a  good  approximation  to  the  time-smoothed  exact  solutions. 

The  average  behavior  represented  by  the  smoothed  solutions  may  be  all  we  care  about  for  some  purposes.  In  this 
case,  the  use  of  Eq(5)  makes  sense  computationally  since  it  is  takes  roughly  an  order  of  magnitude  less  calculation 
time.  For  applications  of  interest  to  us,  the  problem  is  modified  by  the  existence  of  a  resonant  cavity  which  results  not 
only  in  a  different  steady  state  with  a  cavity  field  present  and  feeding  back  to  the  system,  but  also  in  modified  transient 
behavior  in  which  there  is  a  time-dependent  build-up  in  the  cavity  field. 

We  can  modify  Eq(5)  to  cover  the  situation  where  there  are  time  dependent  fields.  The  most  obvious  change 
required  arises  from  the  fact  that  the  Rabi  cycling  in  the  system  depends  on  field  amplitudes  in  such  a  way  that  the 
time-average  operator  T  will  be  a  function  of  the  fields  and  will  now  depend  on  time  because  of  the  time  dependence 
of  these  amplitudes.  Therefore  the  T  which  appears  in  Eq(5)  must  take  into  account  this  time-dependence  and  must  be 
redetermined  at  every  step  (or,  in  practice,  at  least  periodically.) 

There  is  a  second,  more  subtle  effect  of  making  the  fields  time-dependent,  which  is  most  easily  understood  if  we 
consider  the  case  where  the  fields  change  in  discrete  steps  at  times  t;  and  are  constant  in  the  intervening  subintervals. 
We  define  Ta=T( { fj } )  to  be  the  time  averaging  operator  which  applies  in  the  interval  t,<  t  <  t,+1.  We  know  that,  in 
order  for  the  solution  of  Eq.(5)  to  smoothly  approximate  the  exact  solution  in  the  *th  subinterval,  we  must  not  only 
use  Tj  for  T  in  Eq(5),  but  we  must  also  choose  the  solution  that  starts  out  at  where  p,mt(r,)  is  the  value  of  the 

exact  solution  at  the  beginning  of  the  subinterval.  As  we  allow  the  time  intervals  f,  + ,  -  r,  to  become  small  in  order  to 
approximate  a  continuous  variation  in  the  fields,  we  can  consider  the  entire  change  in  p,v  in  terms  of  the  initial  values 
in  each  interval,  so  that 
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(15) 


dt  - 


Expanding  Tlrl  and  p(r, +  1)  to  first  order  in  the  time  interval  leads  to 


d?„ 

dt 


ar  ap 


(16) 


In  the  last  term,  we  can  consider  Ti  constant  and  bring  it  inside  the  time  derivative.  Since  T(t  =  r,)p(r)  represents  pav 
for  the  time  independent  field  case,  we  can  replace  the  last  term  using  the  right  hand  side  of  Eq(5)  to  obtain, 


d  Pay 
dt 


i,T„  ..  a t 

=-<™-i)p..+¥p 


(17) 


This  result  will  always  allow  pav  to  be  evaluated  in  a  straightforward  manner  without  the  use  of  arbitrary  "smooth¬ 
ing  schemes  whenever  p  itself  is  being  evaluated.  As  a  generalization  of  Eq(5)  for  numerical  calculations  where  we 
might  want  to  avoid  calculating  p  altogether,  Eq  (17)  is  somewhat  disappointing.  However,  under  certain  conditions  it 
may  be  a  good  approximation  to  replace  p  by  pav.  For  example,  if  the  time  dependence  arises  from  the  buildup  of  a 
cavity  field,  initially  when  p  differs  significantly  from  pav,  the  derivative  of  T  may  itself  be  very  small,  while  later  p 
and  pav  will  be  nearly  equal  anyway. 


IV.  Four-Level  Considerations 

Although  the  examples  considered  in  this  paper  have  involved  only  two  pumping  fields  inducing  transitions  among 
three  levels,  once  a  cavity  field  has  built  up,  it  must  be  treated  in  much  the  same  way  as  the  pump  fields.  Referring 
again  to  the  system  in  Fig.  1,  we  find,  when  we  analyze  Maxwell’s  equations  with  a  polarization  associated  with  the 
oscillating  p!4  term  in  the  Bloch  equations1,  that  a  cavity  field  near  the  1-4  transition  frequency  is  generated.  This 
cavity  field,  shown  in  Fig.  6,  builds  up  to  a  steady  state  value  which  increases  in  proportion  to  the  cavity  lifetime.  The 
cavity  fields  and  the  corresponding  steady  state  level  populations  are  shown  in  Fig.  7  as  the  cavity  lifetime  is  varied. 


Fig.6  -  Cavity  lasing  field  which  builds  up  for  five  level 
system  discussed  earlier  (see  Figs.  1  and  2) 

We  see  that  as  conditions  allow  larger  cavity  fields  to  build 
up,  at  first  the  4-1  inversion  is  gradually  lost  as  one  might 
expect  from  treating  the  dynamics  of  the  energy  extraction 
using  ordinary  rate  equations.  Later,  however,  for  still 
larger  cavity  fields  the  inversion  begins  to  increase  again 
and  then  suddenly  disappears  altogether  as  the  populations 
of  level  1  and  level  4  rather  dramatically  cross  over  each 
other  and  level  1  becomes  the  most  populated  again.  Nev¬ 
ertheless,  energy  extraction  continues  as  is  evidenced  by 
the  continuing  build-up  of  the  cavity  field. 


Fig.  7  -  Cavity  field  and  level  populations  for  various 
cavity  lifetimes,  obtained  by  adiabatic  (logarithmic)  vari¬ 
ation  over  indicated  timescale  from  xc  =  lOOps  (begin¬ 
ning  of  interval)  to  xc  =  100ns. 
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There  are  two  things  worth  noting  about  this  situation.  First,  given  the  existence  of  the  cavity  field  there  is  nothing 
surprising  about  the  disappearance  of  the  inversion.  With  a  strong  cavity  field,  we  must  treat  the  Rabi  cycling  induced 
by  three  fields  among  die  four  levels  (labeled  1,  2,  5,  and  4  in  Fig.  1),  calculate  the  new  time  averaged  dynamics  (T 
operator  in  Eq.  (5»  and  reconsider  the  steady  state  problem  in  light  of  the  substantially  revised  level  mixing  brought 
about  by  the  added  Field.  Second,  given  the  disappearance  of  the  inversion  we  are  necessarily  extracting  energy  by  a 
PfO^snot  requiring inversion.  The  resulting  process  is  appropriately  described  as  three  wave  mixing,  although  it 
should  be  emphasized  that,  like  the  standard  lasing  process  that  occurs  at  low  cavity  fields,  it  has  no  phase  matching 
requirements.  6 


The  use  of  a  fourth  level  to  aid  in  energy  extraction  when  population  inversions  can  be  created  with  just  three  levels 
(as  discussed  in  Sec  II)  may  seem  like  a  needless  complication.  However,  the  use  of  the  pumped  levels  for  extracting 
energy  leads  to  phase  matching  requirements  which  may  be  undesirable  under  many  circumstances.  With  four  levels 
even  the  advent  of  a  wave-mixing"  type  process  poses  no  problems  because  there  is  still  no  requirement  to  match 


V.The  Time  Average  Operator 

The  value  of  the  above  analysis  is  in  part  dependent  on  the  existence  of  practical  means  for  calculating  the  time- 
average  quantities  (T  operator  matrix  elements)  which  appear  as  part  of  the  equations.  We  present  explicit  expres¬ 
sions  for  a  three  level  system  and  relate  these  to  the  analysis  of  Sec.  II.  These  were  derived  using  a 
symbol-manipulation  program  which  is  able  to  algebraically  enumerate  the  (numerator  and  denominator)  terms  in 
rational  expressions  for  the  matrix  elements.  These  evaluations  are  non-trivial  because  the  rational  expressions  arise 
formally  as  the  x  =  <»  limit  of  a  matrix  inverse. 

We  briefly  review  the  steps  leading  to  the  actual  expressions  beginning  with  the  observation  that  the  T  operator  is 
just  a  projection  operator  onto  the  zero-eigenvalue  eigenvectors  of  the  Liouville  operator  L, 

T=  X||i,xp,|  (18) 

where  L  p  s  (Uh[p,H\-  These  are  the  eigenvectors  which  provide  eigensolutions  of  the  differential  equation 
dp/dt  =  {i/h)[p,H]  but  can  in  tum8be  expresssed  using  eigenvectors  of  the  N-level  time  dependent  Schroedinger 
equation.  The  projection  can  be  carried  out  analytically  using  appropriate  integrations  to  average  over  time.  The  fol¬ 
lowing  definition  involving  a  Laplace  transform  integral, 

oo 

p  =  lim  p(x)  s  lim-  fe~'rtp(t)c/r  (19) 

t-><»  1  OC  T  J 

0 


is  useful  because  the  connection  with  the  Laplace  transform  formalism  leads8  immediately  to  the  relationship 


L- 


p(x)  =  --p(''u'“,')  =>  T=  lim(l/x)(l/x-L)'' 


(20) 


which  implies  the  indicated  expression  for  T  when  taken  to  the  x  — >  °°  limit.  The  enumeration  of  terms  which  result  in 
this  limit  depends  on  recognizing  that  as  an  N2xN2  matrix,  L  is  singular,  having  N  of  its  N 2  eigenvalues  equal  to  zero. 
As  a  result,  if  the  matrix  elements  of  the  inverse  (1/x-L)*1  are  expressed  as  ratios  of  determinants,  the  lowest  order 
terms  in  the  denominator  (the  determinant  of  (1/x-L))  will  be  proportional  to  (1  lt)N,  while  the  lowest  order  terms  in 
the  numerator  (cofactors  of  (l/z-L) )  will  be  proportional  to  (l/x)N_1 .  We  have  written  a  computer  code  which  enu¬ 
merates  (from  all  possible  contributions  to  the  determinants)  and  algebraically  combines  those  terms  with  the  requisite 
number  of  1/x  factors.  (Any  attempt  to  use  the  code  to  find  a  net  contribution  for  terms  involving/ewer  than  the 
indicated  number  of  factors  verifies  that  these  are  indeed  lowest  order.)  The  results  from  a  symbol  processing  run  are 
numerator  and  denominator  polynomials  of  order  N2-N  for  one  or  more  T  matrix  elements,  where  TtJ-  -  XfD  .  Each 
term  involves  products  of  various  detuning  frequency  and  Rabi  frequency  factors  up  to  the  total  order.  Thus,  for  a 
three-level  system,  for  example  we  have, 

X13  =  2(P2P^(P1P;){A2IA3,  +4  +  3(P,p;)  +  3(P2P^}  (21) 

x.2 = 2(P,p;)  {4 a\+ (P2P2)  pa,2, + a31  + 2(p1p;)a13a32 + (p,p; + p2p^  (22) 

X32  =  2(P2Pl)  (a|3A?2  +  (p.Pi)  [3Ai3  +  A13A12)  +  2(p2p*2)A31  Al2  +  (P&  +  p.ft^  (23) 


30 


and  D  =  A,2,  A^Af3  +  (p,p|)  (p2P*)  (20A,2,  +  20A?2  +  38A,,  A,,)  (24) 

+2(p2p;)A12A31(A322  +  2A12A31)  +  2(p,p;)A32A13(A?2  +  2A32At3) 

+(P2Pz)  (A32  +  8A31A12)  +  (PlPl)  (A22+8Ai3A32)  +  4(PiP,  +  P2P2) 

We  can  simplify  these  expressions  in  the  two-photon  resonance  case  where  A12  =  A32 »  P,  and  A13  =  p2/A12  For 
example,  X13  is  totally  dominated  by  the  single  term  involving  A32  •  In  the  denominator  expression,  we  notice  that  the 
combination  of  A’s  multiplying  ((3,P[)(P2P2)  in  the  first  line  can  be  expressed  as  20(A32  + A21)2-2A21A32.,  with  the  first 
part  being  negligible  since  A32  +  AZI  =  A3, .  In  the  remainder  of  the  expression  we  proceed  by  retaining  only  those 
terms  that  are  at  least  second  order  in  A12  and  dropping  those  terms  in  which  the  power  of  A13  exceeds  that  of  An.  The 
denominator  expression  in  Eq(7)  follows  as  a  result.  When  similar  criteria  are  applied  to  the  X12  and  X32  expressions, 
there  are  no  surviving  terms,  confirming  the  fact  that  these  expressions  are  quite  small.  Analysis  of  the  small  terms  to 
estimate  actual  values  is  more  tedious,  but  we  simply  note  that  because  of  the  overall  factor  of  (P2P2)  in  *32.  a  rela¬ 
tively  large  value  of  T32  such  as  we  used  in  Sec.II  while  discussing  the  possibility  of  a  3  to  1  population  inversion  can 
be  obtained  by  making  the  Rabi  frequency  for  the  upper  transition  disproportionately  large. 

VI. Conclusions 

Time  averages  of  the  density  matrix  for  driven  systems  form  a  natural  basis  for  analyzing  the  steady  state  and  tran¬ 
sient  behavior  of  the  system  for  processes  that  are  not  dependent  on  the  detailed  oscillatory  behavior.  Analysis  of  the 
physics  of  systems  which  are  damped  but  saturated  by  the  fields  shows  that  the  damping  actually  enters  in  a  way  quite 
unlike  its  role  in  ordinary  rate  equations.  Whereas  in  the  rate  equation  formalism,  damping  appears  in  competition 
with  pumping  and  would  appear  to  be  unable  to  compete  under  saturating  field  conditions,  damping  actually  serves  to 
periodically  "re-initialize"  the  system  and  is  effective  in  determining  the  behavior  even  with  relatively  infrequent  colli¬ 
sions  or  spontaneous  emissions  because  of  the  fact  that  the  density  matrix  "remembers"  its  initial  condition.  This 
memory  is  expresssed  in  the  dependence  of  the  time-average  density  matrix  on  the  re-initialized  density  matrix. 
Equations  derived  in  the  text  quantify  this  memory  effect  and  show  that  population  inversions  are  a  natural  conse¬ 
quence  of  level  mixing  induced  by  strong  pumping. 

The  time-averaging  operator  which  expresses  the  dependence  of  a  time  averaged  density  matrix  on  its  initial  values 
can  be  determined  either  numerically  through  eigenvector  expansions  or  analytically.  Because  the  analytic  form  is 
that  of  a  rational  function  we  could  also  use  eigenvector  methods  to  determine  values  at  a  finite  number  of  sets  of 
detunings  or  Rabi  frequencies  and  then  use  fitting  methods  to  determine  the  values  for  other  parameters.  We  note  that 
time-averages  can  play  a  central  role  in  the  treatment  of  equilibrium  problems  in  statistical  mechanics  and  that  tech¬ 
niques  for  analyzing  these  quantites  should  also  prove  useful  in  that  area. 
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Abstract 

The  angularly-resolved  and  fixed-angle  light  scattering  from  glass-ceramics  was 
investigated.  Statistical  analysis  of  specklelike  spectra  shows  that  sin gle - scatterin g  by 
microcrystallites  is  a  primary  process  and  weak  double-scattering  involving 
microcrystallites  and  defects  is  also  present. 


Recently,  there  has  been  an  increasing  interest  in  the  propagation  and  scattering  of 
electromagnetic  waves  in  disordered  solid  media.1  Glasses,  whose  structure  corresponds 
to  frozen,  disordered  liquids,  have  been  a  subject  of  several  experimental  and  theoretical 
studies.2,3  In  recent  articles,  we  discussed  angularly-resolved  scattering  in  CVD  silica 
glass  and  presented  an  improved  estimate  of  the  scatterer  density  by  a  new  statistical 
method  of  data  analysis.4  We  used  the  results  from  the  CVD  silica  glass  as  a  standard  for 
studying  the  amorphous  glass-ceramic  solid. 

In  this  paper  we  have  investigated  the  angularly-resolved  and  fixed-angle  elastic 
light  scattering  from  mullite  glass-ceramic  samples  represented  by  the  same  volume 
percent  crystallinity  but  by  different  microcrystallites  size  due  to  the  different  heat- 
treatment  conditions  (temperature  and  time). 

The  an  gu  lar  ly  -  resol  v  ed  scattering  spectra  obtained  were  characterized  by  rapid 
intensity  fluctuations.  The  average  scattered  intensity  was  found  to  be  increasing  with 
the  microcrystallites'  size.  We  interpreted  the  results  by  applying  a  structural  model  of 
mullite  glass-ceramics  in  which  microcrystallites  and  small  defects  are  responsible  for 
observed  scattering  patterns.  The  obtained  spectrum  results  from  single-scattering  by 
microcrystallites  (we  believe  that  it  is  the  dominating  process)  and  defects  in  the  glassy 
phase.  In  addition  there  is  double-scattering  involving  microcrystallites  and  defects. 
Numerical  calculation  of  speckle  contrast  (the  ratio  of  standard  deviation  ct  of  intensity  to 
mean  intensity  <I>)  versus  scattering  angle  8  reveals  some  interesting  new  results  and 
more  efforts  are  underway  to  explain  it.  Fixed-angle  measurements  were  made  for 
different  regions  in  all  samples  and  the  contrast  for  each  sample  was  calculated.  The 
depolarization  aspect  of  light  scattering  has  also  been  investigated  and  interpreted  in 
terms  of  optical  properties  of  microcrystallites. 


Mullite  glass-ceramic  samples  (obtained  from  Corning  Glass  Works)  were  prepared 
from  a  glass  which  has  the  composition  by  weight  percentage  of  48%  Si02,  1  1  %  B203,  29% 
A1203,  10%  ZnO,  2%  I^O,  0.4%  As205.  All  light  scattering  measurements  were  made  on 
mullite  glass-ceramic  samples  which  were  prepared  by  three  different  kinds  of  heat- 
treatments:  a  constant  nucleation  hold  of  750  °C  for  4  hours  was  followed  by  a 
microcrystallites  growth  hold  of  2  hours  at  either  800  °C,  850  °C,  or  875  °C  (denoted  as 
750-4/  800-2,  750-4/  850-2,  750-4/  875-2  respectively).  At  800  °C,  according  to 
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300x100x100  A.  The  growth  hold  at  850  “Callows  the  mullite  microcrystallite  to  grow  to 
about  500x1  50x1  50  A.  At  875  °C,  they  can  grow  to  about  750x200x200  A  with  a  more 
distinct  shape  of  orthorhombic  (pseudotetragonal)  prisms. 

The  volume  percent  crystallinity  of  the  glass-ceramic  samples  was  determined  by 
TEM  to  be  about  34%by  comparison  of  the  crystalline  area  to  that  of  the  residual  glass  in 
a  focal  plane  of  less  than  50  A  thickness.5 

All  mullite  glass-ceramic  samples  were  polished  on  all  sides  to  the  size  of  10x10x10 
mm.  A  polarized  He/Ne  laser  light  of  632.8  nm  with  500:1  minimum  polarization  ratio 
was  used  as  the  light  source.  The  detail  of  experimental  arrangement  and  optics  of  the 
scattering  measurement  were  described  in  previous  work.4  Both  the  vertical  (polarized) 
and  horizontal  (depolarized)  component  of  the  scattered  light  intensity  were  measured 
for  all  samples.  The  angularly-resolved  light  scattering  was  measured  over  the  range 
from  10°  to  160°  at  0.15°  increments  with  the  0.1  mm  pinhole  size.  The  measured 
scattered  intensity  data  after  background  subtraction  and  sin0  correction  are  shown  in 
figures  la,  lb,  2a,  2b,  3a  and  3b.  Similar  measurement  at  0.2°  increment  with  pinhole 
size  of  1  mm  was  repeated  ten  times  at  randomly  selected  regions  of  the  same  sample. 
The  sum  of  ten  spectra  for  all  three  samples  were  shown  in  figures  4a  and  4b.  The  fixed- 
angle  light  scattering  experiments  were  carried  out  by  systematically  changing  the 
position  of  the  sample  in  increments  of  0.2  mm  perpendicularly  with  respect  to  the 
scattering  plane.  Measurements  were  made  at  90°  angle  with  0.1  mm  pinhole  size. 


Rapid  intensity  fluctuations  are  the  common  characteristic  of  all  the  polarized  and 
depolarized,  angularly  resolved,  light  scattering  spectra  of  mullite  glass-ceramic  samples 
with  three  different  heat-  treatments  (shown  in  figures  la,  lb,  2a,  2b,  3a  and  3b).  This 
kind  of  intensity  fluctuation  is  due  to  the  unaveraged  light  scattering  from  scatterers 
which  are  randomly  distributed  inside  mullite  glass-ceramic  samples. 

Both  polarized  and  depolarized  mean  scattered  intensity  of  mullite  glass-cerair  ic 
samples  increase  with  the  higher  temperature  of  the  heat-treatment.  We  attribute  this 
increased  scattered  intensity  to  the  larger  size  of  microcrystallites  resulting  from  higher 
temperature  heat-treatment  since  the  volume  percentage  crystallinity  (or  the  number  of 
microcrystallites)  in  all  samples  is  the  same  according  to  TEM.  Also,  the  mean  intensity 
is  larger  in  the  polarized  component  of  scattered  light  than  in  the  depolarized  one  in  all 
three  samples. 

In  the  previous  studies  of  CVD  silica  glass,4  we  observed  very  large  scattered 
intensity  with  relative  slow  fluctuations  at  small  angles  and  rapid  fluctuations  at  large 
angles  (figure  5a).  The  different  scattered  intensity  pattern  at  small  angle  is  caused  by 
the  nonrandom  phase  distribution.  The  onset  angle  of  random  to  nonrandom  phase 
distribution  transition  depends  on  the  scatterer  density.  To  some  extent,  the  smaller  the 
scatterer  density,  the  smaller  the  angle  associated  with  the  transition.3  In  comparison, 
the  scattered  spectra  from  mullite  glass-ceramic  did  not  show  this  kind  of  transition 
within  the  smallest  detection  angle  limit  of  the  instrument.  Estimation  of  crystallite 
density  in  mullite  glass-ceramic  samples  by  TEM  shows  it  to  be  about  two  orders  of 
magnitude  less  than  scatterer  density  in  CVD  silica  glass,  as  estimated  previously  by 
othe  measurements.4,6  This  might  shift  the  transition  beyond  the  instrument's  detection 
angle  limit  and  prevent  us  from  observing  the  slow  fluctuations  and  large  scattered 
intensity  at  small  angles  as  in  the  CVD  silica  glass.  Further  supporting  evidence  come 
from  the  studies  of  yttria  ceramic  samples  which  have  higher  scatterer  density  than 
mullite  glass-ceramic.  The  same  transition  at  small  angles  are  observed  from  the  yttria 
ceramic  as  in  CVD  silica  glass. 

In  an  attempt  to  gain  more  insight  of  scattering  process  of  mullite  glass-ceramic,  the 
sequential  numerical  analysis4  was  applied  to  calculate  the  contrast  from  the  scattered 
intensity  data  from  figure  la,  lb,  2a,  2b,  3a,  and  3b.  The  results  of  calculated  contrast 
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versus  angle,  as  shown  in  figure  6a  and  6b.  are  quite  different  compared  to  the  CVD 
silica  glass  in  figure  5b.  This  indicates  that  a  different  light  scattering  process  is 
involved  in  mullite  glass-ceramic  than  in  CVD  silica  glass.  Fixed-angle  (90°)  light 
scattering  at  three  hundred  different  positions  of  each  mullite  glass-ceramic  sample  was 
also  measured  and  the  contrast  for  each  sample  was  calculated.  The  results  showed  that 
the  calculated  contrast  at  90°  for  the  vertical  component  of  the  scattered  light  intensity 
•  decreasing  with  higher  temperature  of  heat-treatment.  But,  the  opposite  trend  holds 
for  the  horizontal  component.  Compared  with  an  gu  lar  ly  -  resolved  cases  in  the  figure  6a 
and  6b,  the  90°  fixed-angle  contrast  follows  the  same  trend  with  respect  to  the  heat- 
treatment  temperature  as  the  angularly -resolved  contrast  values  at  90°.  This  confirms 
the  results  of  the  above  mentioned  numerical  calculations  and  shows  them  as  valid  and 
not  caused  by  random  intensity  fluctuation. 

Depolarization  ratio  of  scattering  is  defined  as  the  horizontal  to  vertical  component 
ratio  of  scattered  intensity  at  90°.  The  depolarization  ratio  for  three  mullite  glass- 
ceramic  samples  was  calculated  from  figures  4a  and  4b.  It  is  0.74  for  750-4/  800-2,  0.61 
for  750-4/  850-2  and  0.40  for  750-4/  875-2.  The  dissymmetry  factor  of  scattering  was 
determined  as  the  ratio  of  scattered  intensity  at  45°  to  135°  for  both  horizontal  and 
vertical  components.  For  the  horizontal  component,  the  dissymmetry  factor  is  near  unity 
for  all  mullite  glass-ceramic  samples.  But  for  the  vertical  component,  the  dissymmetry 
factors  are  decreasing  with  higher  tern  pe  r  at  u  re  - 1  re  at  m  en  t  and  the  values  ranges  from 
0.99  to  0.72. 


Conclusion 

There  are  two  possible  kinds  of  light  scattering  centers  randomly  distributed 
throughout  mullite  glass-ceramic;  the  scattering  can  be:  from  small  glass  defects,  from 
relatively  large  microcrystallites,  or  due  to  a  process  which  involves  both  defects  and 
microcrystallites.  In  any  case,  the  scattering  involves  three  possible  mechanisms:  single, 
double,  or  multiple  scattering.  Since  the  percentage  of  microcrystallites  in  mullite  glass- 
ceramic  samples  is  relatively  low  (34%),  the  multiple  scattering  from  this  source  is 
minimal  because  the  long  mean  free  path  between  microcrystallites  will  practically 
eliminate  multiple  scattering. 

Statistical  analysis  of  the  intensity  of  the  light  scattered  from  the  mullite  glass- 
ceramic  yields  a  probability  distribution  which  closely  matches  the  theoretical  prediction 
based  on  the  single  scattering  model.  Yet  a  slight  deviation  from  the  theoretical 
prediction  suggests  a  minor  contribution  of  scattered  intensity  from  weak  double 
scattering. 

In  CVD  silica  glass,  single  scattering  from  defects  has  been  shown  to  be  the  only 
light  scattering  process.4  The  low  depolarization  ratio  (0.008)  indicates  that  the  defects 
are  isotropic.  The  glass  precursor  of  mullite  glass-ceramic  yields  a  scattered  light 
intensity  and  depolarization  ratio  similar  to  the  CVD  silica  glass.  The  scattered  light 
intensity  from  mullite  glass-ceramic  is  about  one-hundred  times  stronger  than  CVD  silica 
glass's  and  it  increases  with  the  increasing  size  of  microcrystallites.  The  depolarization 
ratios  of  three  mullite  glass-ceramic  samples  range  from  0.4  -  0.7. 

These  results  indicate  that  scattering  from  mullite  glass-ceramics  is  dominated  by 
the  single  scattering  from  large,  anisotropic  microcrystallites.  As  the  microcrystallite 
size  increases  (through  temperature  treatment)  so  does  the  scattering.  This  is  confirmed 
by  TEM  results  which  show  elongated  prismatic  shape  of  the  microcrystallites,  whose  size 
again  depends  on  temperature  treatment.  Double  scattering  played  a  weak  secondary 
role  in  the  scattering  process. 

The  nature  of  the  weak  double  scattering  process  in  mullite  glass-ceramics  is 
speculated  to  be  the  result  of  scattering  between  glass  defects  and  microcrystallites. 
Double  scattering  between  defects  in  the  glassy  phase  is  unlikely  based  on  previous 
results  which  indicate  single  scattering  to  be  the  only  process  which  occurs  in  CVD  silica 
glass.  The  double  scattering  process  between  m  icrocry  stallites  should  be  insignificant 
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due  to  the  relatively  long  mean  free  path  between  them.  One  can  leasonably  conclude 
that  double  scattering  in  the  mullite  glass-ceramic  occurs  between  glass  defects  and 
microcrystallites. 
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Fig  1  Angular  scattering  spectra  measured  for  mullite  glass-ceramic  sample 
(750-4/800-2)  with  0.1  mm  pinhole  size:  (la)  the  horizontal  component,  (lb) 
the  vertical  component. 
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Fig  2.  The  same  as  Fig.  i  except  the  spectra  measured  fc 
ceramic  (750-4/  850-2). 
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Fig.  4.  Angular  scattering  spectra  measured  at  ten  randomly  selected  regions 
for  three  mullite  glass-ceramic  samples  with  1  mm  pinhole  size.  The  spectra 
shown  here  are  the  sum  of  the  ten  spectra  for  each  sample:  (4a)  the  horizontal 
component,  (4b)  the  vertical  component. 
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Fig.  6.  Angular  spectra  of  the  ratio  of  intensity  standard  deviation  and  mean 
scattered  intensity  (speckle  contrast)  calculated  for  scattering  spectra  on  Fig.  1, 
2  and  3  for  three  mullite  glass-ceramic  samples:  (6a)  the  horizontal  component, 
(6b)  the  vertical  component. 
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QUANTUM  MECHANICAL  DESCRIPTION  OF  N-SLIT  INTERFERENCE  PHENOMENA 
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Abstract 


Dirac’s  notation  is  utilized  to  establish  a  generalized  interference  equation  which 
is  then  applied  to  calculate  the  resulting  intensity  pattern  from  transmission  gratings 
made  of  N  variable  width  slits. 


Introduction 


In  this  communication  we  describe  the  use  of  Dirac's  notation  in  the  description  of 
interference  resulting  from  the  interaction  of  laser  light  diffracted  at  a  one-dimensional 
array  of  N-slits.  In  this  regard,  the  present  approach  was  developed  to  analyze  interfer¬ 
ence  phenomena  ranging  from  the  classical  double-slit  interaction  to  generalized  situations 
involving  N  number  of  slits  of  either  fixed  or  variable  width. 

In  the  course  of  these  experiments  we  have  found  that  Dirac's  notation  is  particularly 
suitable  for  incorporating  the  additional  complexity  found  in  transmission  gratings  of 
practical  interest.  The  beauty  of  the  approach  is  in  the  inherent  elegance  and  compactness 
of  the  equations  utilized.  Indeed,  All  the  complexity  is  incorporated  via  the  wave  func¬ 
tions,  which  in  turn  depend  on  the  physical  parameters  associated  with  the  slits. 


Theory 


Using  Dirac's  notation,  a  basic  tool  in  quantum  mechanics,1  the  probability  amplitude 
for  a  photon  to  go  from  the  source  (s)  to  a  screen  (x. ,  via  an  array  of  N  slits  (j),  can 
be  written  as 

N 

<x|s>  =  £<x|j>  < j I s>  (1) 

3=1 


.:e  and  <x|j> 


Tx,f  3' 


In  these  probability 


Following  Feynman,  we  use  <j|s>  =  +S/j- 
amplitudes  the  quantities  *s  j  and  +x,j  maY  be  assumed  to  take  the  form  of  a  diffraction 
wave  function  or  other  appropriate  distribution.  Now, 


Uj  +  0j),  then 


if  we  write  = 


s,j  TX,] 


<x|s> 


N 

j=i  J 


e~  iflj 


and  1)^  = 


(2) 


Hence,  it  can  be  shown  that  the  probability  that  a  photon  from  s  will  reach  x  is  given  by 
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(3) 


N  N  N 

I <x | s> | 2  =  £  +  2  E  <  D  *m  cos(nm  -  oi)> 

j  =1  j=l  m=j+l  J 

This  is  a  generalized  equation  applicable  to  any  one-dimensional  N-slit  interference  prob¬ 
lem.  A  detailed  discussion  of  the  theory  and  the  wave  function  utilized  will  be  given 
elsewhere. 2 

The  angular  relationships  for  the  diffraction  function  and  the  interslit  interaction 
were  determined  using  exact  geometrical  expressions  such  as 


cos(0m  -  0j)  =  cos  k.r  =  cos  (2ir/A)  |Ln  -  Lx [  (4) 

where  |  Ln  -  |  represents  the  usual  path  difference  term. 

The  degree  of  variability  in  the  slit  width  of  a  particular  grating  was  determined  by 
measuring  the  average  width  and  the  corresponding  standard  deviation,  that  is,  w  +  6w.  In 
the  interferometric  calculations  related  to  gratings  incorporating  uncertainty  in  the  slit 
dimensions,  the  slit  widths  (and  interslit  separations)  were  selected  stochastically  from 
a  Gaussian  distribution  having  this  experimental  mean  and  standard  deviation. 


Experimental 

The  light  source  utilized  was  a  HeNe  laser  (X  =  632.8  nm)  and  the  screen  was  a  photo¬ 
diode  array  composed  of  1024  diodes,  each  25  jun  wide.  The  intensity  profile  of  the 
multiple-slit  interference  incident  on  the  photodiode  array  was  recorded  by  a  modified 
version  of  the  EG&G  Optical  Multichannel  Analyzer  (1460-D  OMA  III,  1463  detector  module, 
and  modified  1420  detector).  The  detection  semiconductor  was  not  cooled. 


A  computer  program  in  Fortran  77  language  was  written  to  calculate  intensity  distri¬ 
butions  at  x  resulting  from  the  interferometric  interaction  of  2  to  N  slits  (up  to  100). 

The  basic  test  of  the  theory  was  carried  out  utilizing  a  number  of  double  slit  sets. 
These  double  slit  sets  were  composed  of  two  precision  slits  separated  by  a  distance  equal 
to  the  individual  width  of  the  slits.  For  instance,  a  particular  set  included  two  slits 
25  m  wide  separated  by  25  jim.  Other  sets  included  slits  50  <im,  75  nm,  and  100  jim  wide. 

Following  the  basic  double-slit  test,  the  calculations  were  utilized  to  predict  the 
interference  pattern  originated  in  N-slit  transmission  gratings  of  practical  interest. 
These  gratings  were  composed  of  slits  30  *im,  40  *im,  66.67  n m,  and  100  m  wide.  The  dis¬ 
tance  between  the  slit  array  (j)  and  the  detection  screen  (x)  was  typically  in  the 
4  -  10  cm  range. 


Results 


In  Fig.  (1)  we  include  the  measured  interference  pattern  resulting  from  two  high- 
precision  75-jim-wide  slits  for  a  slit-screen  distance  of  10  cm.  Notice  that  the  number  of 
pixels  from  maximum  to  maximum  is  15,  and  since  each  pixel  is  25  wn  wide,  that  represents 
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a  total  distance  of  375  jim.  The  lack  of  de 
due  to  photon  noise  limitations.  The  calcu 
(shown  in  Fig.  (2))  indicates  that  the  maxii 
it  is  clear  that  there  is  good  agreement  be 
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Fig.  3  Measured  interference  pattern  resulting  from  the  interaction  of  N-slits  66.67  jim 
wide;  here,  N  =  30. 
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Fig.  4  Calculated  interf erogram  for  the  N-slit  case  involving  66 . 67-jim-wide  slits. 

In  Fig.  (3)  we  show  the  interference  pattern  resulting  from  a  grating  incorporating 
66.67  m  slits  (for  a  10  cm  grating-screen  distance).  The  measured  peak-to-peak  distance 
corresponds  to  138  +  13  nm.  The  calculated  interference  probability,  shown  in  Fig.  (4), 
indicates  that  the  peak-to-peak  distance  is  135  um-  Certainly,  the  slight  difference  is 
due  to  the  25  resolution  limit  of  the  photodiode  array,  which  also  explains  the  absence 
of  finer  structure  in  the  measurement. 


The  question  of  variability  is  illustrated  in  Fig.  (5)  where  the  calculated  interfer¬ 
ence  pattern  for  a  60-slit  grating  is  included.  In  this  case  the  slit  width  separation  is 
33.34  +  1.21  Mm.  The  main  feature  of  this  result  is  the  irregularity  of  the  interference 
pattern.  Comparison  with  measurements  shows  that  calculated  interf erograms  of  this  type 
agree  well  with  the  measured  signal  in  terms  of  average  number  of  cycles  per  given  unit 
distance  at  x. 


Fig.  5  Calculated  interferogram  resulting  from  the  interaction  of  N  slits 
33.34  +  1.21  Mm  wide. 


Discussion 

Particular  attention  in  these  measurements  is  given  to  the  intensity  distribution,  as 
a  function  of  transverse  distance,  of  the  interferogram  recorded  at  the  screen  (x).  This 
is  due  to  the  fact  that  information  from  the  interferogram  coupled  with  knowledge  about 
the  source  wavelength  and  grating-screen  distance  can  be  utilized  to  study  the  physical 
characteristics  of  the  grating.  In  this  regard,  correlation  of  the  theory  with 
measurements  of  the  interference  profile  is  important.  Applications  in  this  area  include 
fast  on-site  physical  characterization  of  transmission  gratings. 

The  aim  of  the  double-slit  experiments  was  to  provide  a  basic  test  of  Eq.  (3)  in  con¬ 
junction  with  the  respective  wavefunctions  and  exact  geometrical  expressions.  Results 
obtained  with  several  double-slit  sets,  including  those  shown  in  Figs.  (1)  and  (2),  indi¬ 
cate  that  the  theory  and  the  numerical  approach  function  well  in  this  limit.  In  the  case 
of  regular  N-slit  gratings  good  overall  results  were  observed  with  some  minor  deviations 
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due  to  the  25  jim  resolution  limit  of  the  detector  array. 

A  finding  of  particular  interest  was  the  realization  that  even  minor  variations  in 
the  physical  dimensions  of  the  slit  width  and  interslit  separation  can  lead  to  irregulari¬ 
ties  in  the  interference  pattern.  This  observation  holds  true  even  for  the  case  of  uniform 
illumination. 


Conclusion 


In  this  communication  we  have  demonstrated  the  use  of  basic  quantum  mechanical  notation 
to  describe  interference  phenomena  related  to  N-slit  gratings.  The  beauty  of  the  approach 
provided  here  is  that  a  simple  equation  of  a  generalized  nature  can  be  utilized  to  demon¬ 
strate  the  classic  double-slit  experiment  and  at  the  same  time  predict  more  complicated 
interferograms  of  practical  interest. 
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THE  THEORY  OF  LIGHT  AMPLIFICATION  IN  FAR  ULTRAVIOLET  USERS 
A.V.Borovskii,  V . V . Korobkin ,  M . Yu . Romanov  ski 1 


ABSTRACT 

The  short  wave  radiation  amplification  is  considered  in  thin  expansed 
plasma  filaments.  There  are  the  nonstacionarity  of  active  medium  and 
defocusing  of  short  wave  radiation  analysis.  Some  perspective  ways  to  create 
inverse  populations  are  considered  for  dense  gaseous  mediums. 

1 .  X-USERS  IN  A  USER  PUSMA. 

Amplification  of  spontaneous  radiation  as  a  result  of  transitions  in 
multiply  charged  ions  m  a  laser  plasma  at  wavelengths  A.<50  nm  has  been 
achieved  experimentally  11-71.  The  effect  described  in  [11  occured  as  a 
result  of  the  3p-3s  transitions  in  neon-like  ions  of  Se  (\=20.6  and  20.9  nm), 
Y  (>,=15.7  and  16.5  nm),  and  Mo  (A.=13.1  and  13.9  nm).  The  amplification 
reported  in  (2-5)  was  due  to  the  3-2  transition  in  hydrogen-like  carbon  ions 
(=18.2  nm).  Amplification  due  to  the  5/-3d  transition  in  lithium-like 
aluminum  ions  (>=10.6  nm)  was  observed  in  (6).  This  has  greatly  enhanced 
theoretical  interest  in  schemes  for  amplification  of  spontaneous  radiation  as 
a  result  of  transitions  in  multiply  chagred  ions  in  a  plasma.  It  is  difficult 
to  maintain  ionized  plasma  under  steady-state  conditions.  One  has  to  consider 
therefore  amplification  durihg  plasma  expansion,  as  observed  in  the 
experiments  reported  in  (1-7).  The  most  convenient  form  of  the  amplifyihg 
medium  is  a  plasma  filament. 

We  shall  investigate  the  characteristics  of  amplification  of  spontaneous 
radiation  in  an  expanding  plasma  filament  associated  with  transient  nature  of 
the  active  medium  and  with  defocusing  of  the  radiation.  The  main  conclusions 
will  be  fairly  general  and  will  apply  to  any  methods  for  creating  a  population 
inversion  at  short  wavelengths.  We  shell  consider  a  specific  example  of 
recombination  pumping  of  H-like  ions.  We  shell  analyze  this  scheme  because  of 
the  considerable  interest  it  has  recently  attracted  (9-12). 

AMPLIPICATIONCRITERIA.  Amplification  in  an  active  medium  is  possible  if 
the  gain  *+  exceeds  the  attenuation  coefficient  Since  the  time  dependence 
*-+(!)  is  bell-shaped,  it  is  natural  to  select  the  amplification  condition  in 
the  form  (tm)  >$T  Um) ,  where  tm  is  the  moment  corresponding  to  the  maximum 
of  *+(").  This  condition  is  insufficient  for  effective  amplification.  In 
practice,  we  must  ensure  that  g0=ln(I/I3p) ?20,  where  I  is  the  final  intensity 
and  I..,  is  the  initial  intensity  of  spontaneous  radiation  before 

O  i-' 

amplification.  The  transient  nature  of  the  active  medium  is  a  factor  wich 
reduces  the  final  intensity  I.  In  fact,  if  the  condition  ae+  >ae_  is  obeyed  in  a 
time  interval  t  ,  then  the  distance  traveled  in  this  time  is  L  =c t  .  For  L  <L< 
(L1=ct  is  the  distance  in  which  the  intensity  reaches  saturation),  the 

maximum  intensity  of  a  light  puls  is  not  achieved.  The  intensity  which  is 

t 

obtained  depends  on  g+=cJ'  ae+  (t  )dt=</iL  ,  which  we  shall  call  the  gain 

os 

coefficiet.  As  established  below,  we  can  achieve  g0^20  provided  g  ^30. 

Assuming  that  the  length  of  the  active  medium  is  L«Lg^30  cm,  we  find  that 

amplification  requires  that  -Ja?\  cm-1 . 

It  therefore  follows  that  amplification  of  spontaneous  radiation  can 

occur  in  a  transient  plasma  filament  in  schemes  characterized  by  30, 

n?Sl  cm-1,  and  aem>>*_(t  ). 

m 

1.1.  VALUES  OF  g+  AND  Lg  IN  THE  CASE  OF  RECOMBINATION  PUMPING  OF  HYDROGEN-LIKE 

IONS 

Following  (14)  we  shall  consider  only  self-similar  expansion  of  a  plasma 
filament.  We  shall  assume  that  initially  a  ring-shaped  layer  of  matter  is 
characterized  by  a  nuclear  charge  Z,  a  density  of  heavy  particles  NQ,  and  an 
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electron  temperature  TQ  when  the  radius  of  the  filament  is  RQ.  For  the  sake  of 
simplicity,  we  6hall  consider  the  behavior  of  the  plasma  parameters  on  the 
filament  axis. 

VAIUES_OF_*^j(  t )_AND_g^_X1 4±1 6| .  In  the  simplest  adiabatic  case  the 
thermal  energy  of  electrons  and  nuclei  is  transformed  into  the  kinetic  energy 
of  filament  expansion.  We  then  have 


ae+  ( t )  =q 


1  -ox ( t ) 


1-p x(t) 


exp  j^-p/x(t)9/4j/x(t), 


(1) 


nZ/9r2/9 


-+  po  4R-J/3  ”0  "0 

g  -23. 4B r  -jt575„Sl579 


rji  i  v// 


1-a(9/t3p) 


4/9 


1+p (9/1 3p) 


exp (-a  9/4p), 


where 


q-1 0-4^!1  0/3No°/3Z“4T“5  ^  p=1 .  i  *1 0 ' '  “RqZ-^0'  **1 


60^,9/ 4„17/4n  7-25/4T-49/8 
o  RoZ  To 


x(t)=x0(t/tQ) 


4/3 


t0=R0/u,  u=1.7*106/tq~\  xo=7No/1012Z5/to 


The  constants  B,  a,  p  and  7  are  listed  in  Table. 


(2) 


(3) 


B 

a  p 

7 

Q 

H 

£ 

_ii_ 

_ ^2 _ 

£ v _ 

t-’V 

(3-2)  2.4-6 

0.27  0.44 

0.02 

1  .3+3 

1.1 

1  .2+3 

160 

0.30 

50 

1.1+4 

(4-3)  4.9-9 

0.19  0.30 

0.53 

1  .7+3 

0.4 

4.3+3 

14 

0.42 

34 

6.5+4 

We  can 

use  Eq.  (1-3)  if  (9/13p)4/9<a  1 

• 

VALUE_OF_g^_AS_A_FUNCTION_OF_N0_AND_T0 . We  shall  assume  that  RQ  and  Z  are 
constants;  we  shall  vary  simaltaneously  NQ  and  TQ.  The  dependence  of  g+(N0,TQ) 
on  Nn  and  Tn  resembles  a  wedge  with  a  sharp  edge  (Fig.1 ).  The  asterisk  is  used 

for  the  values  of  the  variables  NQ 
and  TQ  on  the  edge  of  the  wedge. 
The  corresponding  values  of  g+,  ae^ 
and  Lg  are 

g+=^Nj1/147R2/49/z86/49  (4a) 

aem=7(Z56/49/Rj0/49N*20/1 47  (4b) 

Lg=£N*1/7R^/7/Z20/7  (4c) 

The  constants  Q,  H,  C  are  listed 
in  table. 

DEPENDENCE_OF_g^_ON_Z .  It  is 
worth  noting  the  rapid  reduction 
in  g+  on  increase  in  Z.  This  is 
due  to  the  fact  that  in  a  freely 
FIG.1.  Gain  coeffitient  g^,  predicted  for  expanding  plasma  the  population 
adiabatic  expansion  of  a  plasma  filament  lifetime  decreases  on  increase  in 
in  vacuum  when  the  plasma  contains  carbon  Z  at  a  rate  faster  than  the 
ions  (Z=6)  and  the  filament  radius  is  RQ=  increase  in  the  gain.  In  the  case 
10  m-.  of  the  3-2  transition  and  Z=6  when 

the  initial  parameters  of  the 
filament  are  optimal  (1^  =1020cm~3,  ^  =10  p,  £  =$*)>  we  obtain  g+=57,  36^=4 
cm-1,  and  Lg=14  cm.  For  Z=13,  the  corresponding  values  are  g+=15,  3^=9. 6cm-1 
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and  Lg=1 .5  cm.  For  the  4-3  transition  under  the  same  conditions  and  lor  Z=6 
and  13,  we  obtain,  respectively,  g+=74  and  19,  aP=1.5  and  3.5  cm-1,  and  Lg=  49 
and  5.4  cm. 

Only  media  characterized  by  g+^30  are  o  f  interest.  In  the  case  of 
adiabatic  expansion  the  condition  g+^30  is  obeyed  if  Z$8  (3-2  transition)  and 
Z^IO  (4-3  transition). 

RESTRICTIONS_ON_Z_DyE_TO_LOSSES_CAUSED_BY_DEPOCysiNG.  Only  the 
amplification  has  been  considered  so  far.  A  recent  investigation  E8)  makes  it 
possible  to  use  model  of  a  planar  Epstein  layer  to  allow  for  the  losses  due  to 
de  focusing  aed  which,  for  the  dimensions  of  a  plasma  filament  under 
consideration,  are  due  to  refraction  of  radiation  and  ecxeed  the  losses  due  to 
diffraction,  invers  bremsstrahlung  absorption,  and  photoionization  of  excited 
states  of  the  ions  (19-20).  In  the  case  of  a  filament  we  have 


aed*2(u)pAoR),  Wp=-/74%e2/me)ZN+  ,  (5) 

3 

where  N+  is  a  number  of  nuclei  in  1  cm  . 

Under  optimal  initial  conditions  at  the  moment  of  attainment  of  the 
maximum  gain,  we  have 

^=?iZ513/98/N47/98R43/49>  (6) 

On  increase  in  Z  the  value  of  aedm  rises  faster  than  ap,  so  that  at  high  Z  the 
losses  may  exceed  amplification.  We  shall  now  estimate  Z  at  wich  this 
occurs.  It  follows  from  that 


z<VW 


101/1215D2/135 


The  constants  L  and  §,  are  listed  in  Table.  It  should  be  noted  that  Z.  is 

c  on  _3  ' 

practically  independent  of  the  filament  parameters.  For  NQ=10  cm  and  Rq=10|j. 
we  find  that  Z,  =12  or  17  for  the  3-2  or  4-3  transitions.  In  the  case  of  3-2 

—772  —1 

transition  and  these  values  of  NQ  and  RQ,  we  obtain  aed  =0.2  cm  if  Z=6.  The 
absorption  due  to  the  invers  bremsstrahlung  effect  and  photoionization  of  the 
excited  states  (in  the  case  of  the  same  parameters  as  before)  is  <fph<1  m-1 . 
The  radiation  due  to  the  3-2  transition  in  hydrogen- like  carbon  ions  can  be 
absorbed  in  the  case  of  photo ionization  of  the  ground  states  of  CIV,  CIII..., 
but  if  t«*t  (ae+<=  aP)  there  are  practically  no  such  ions  (211. 

As  shown  in  (13,14,18),  allowance  for  recombination  heating  lowers  se+  by 
30-40%  and  reduces  correspondingly  g+.  For  example,  if  No=1020cnf3,  RQ=1  O^i. , 
and  Z=6,  we  obtain  g+=32  for  the  3-2  transition.  Allowance  for  reabsorption  as 
a  result  of  resonance  transitions  (18,22)  reduces  additionaly  *^2  g+  by  a 
factor  of  **2-3. 


1.2.  INCREASE  OF  THE  EFFECTIVE  AMPLIFICATION  TIME 

In  the  case  of  recombination  pumping  we  have  x+(t)sx+(t)a  (t),  where 
a e*(t)  is  found  on  the  assumption  that  all  the  heavy  particles  are 
recombination  centers  (bare  nuclei)  and  a+(t)  is  the  real  fraction  of  the  pair 
nuclei  in  the  ion  component  of  the  plasma.  A  shortcoming  of  the  scheme  is  that 
a+(t)  decreases  with  time.  If  a  plasma  is  first  irradiated  with  ionizing 
fluxes,  we  can  maintain  a+=1  throughout  the  expansion  stage.  The  largest 
ionization  cross  sections  are  known  to  be  exhibited  by  photons. 
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EXPRESSIONSFORg^ANDLg^The  problem  of  expansion  of  a  plasma  filament  in 

a  field  of  external  quasi-Planck  radiation  (ionizer)  cut  off  below 

ionization  potential  was  solved  in  [15,18)  and  the  formulas  for  a e+(t)  were 

also  obtained  there.  Calculations  of  g+  and  L  were  made  in  t16,17).  We  shall 

s 

give  them  without  derivation  for  the  case  of  the  optimal  temperature  of  an 
external  radiation  source: 


g+=s5,,Z  1/57(NR2/u2: 


7/57.  L  =£,;  Z-61/19(NR2/u2)9/19, 

&  L 


(8) 


where  u  is  the  rate  of  inertial  expansion  of  a  filament.  The  values  of  Q,,  and 

?n  -a  v 

listed  in  table.  If  Z=6,  No=10  cm  ,  RQ=10|i,  and  u=200  km/s,  we  find 

that,  for  example,  in  the  case  of  the  3-2  transition  we  have  g+=41  and  Lg=19 

:m,  whereas  in  the  case  of  4-3  transition  the  corresponding  values  are  g+=28 

and  Lg=100  cm.  We  can  see  that  the  use  of  an  ionizer  increases  somewhat  the 

/alue  of  g+.  We  recall  that  in  the  case  of  filament  expansion  we  obtain 

g32=32 . 

2.  SOME  EXOTIC  WAYS  OP  CREATING  INVERSE  POPULATION  IN  X-RAY  REGION  123) 

Much  effort  is  currently  concentrated  on  studying  some  major  mechanisms 
for  inverse  population  in  the  X-ray  region.  Among  these  are  recombination, 
photopumping,  recharging,  collisions.  But  there  are  some  interesting  another 
ways . 

2.1.  IONIZATION  OF  INNER  SHALLS  BY  OSCILLATED  ELECTRONS  IN  INTENSE  OPTICAL 

FIELD 

To  generate  X-ray  radiation,  we  consider  interaction  with  the  atoms  of 

17  ? 

optical  radiation  with  an  intensity  1*40  W/cm  .  If  the  amplitude  E  of  the 
optcal  field  exceeds  that  of  the  field  Ear  which  acts  on  an  external 
electron,  the  "electron-atomic  remainder"  system  becomes  loose,  that  the 
external  electron  is  ionized.  This  electron  acquires  acceleration 

(V  <V» 

a=e(E-Eat)/m,  where  E&t  is  the  collective  field  generated  by  all  the  rest 
particles  in  the  electron  location  (it  is  less  than  Eat>’  e  -  is  the  charge,  m 
-  the  electron  mass.  Let  us  set  E  >>  Eat-  During  the  optical  field  halfwave 
the  electron  has  enough  time  to  acquire  a  velocity  v^eE/mxi  (w  -  laser 
frequency).  If  the  electron  reaches  a  neighbouring  atomic  remainder,  it  may 
ionize  the  latter  and, due  to  its  high  energy,  even  to  kick  out  a  lower  lying 
electron,  though  this  probability  is  by  an  order  of  magnitude  longer  than  that 
for  the  higher  lying  electron  shall.  If  in  this  case  the  upper  electrons  of 
the  remainders  keep  to  their  locations,  invers  population  energes  a  medium. 

The  act  of  ionization,  even  involving  the  lower  lying  electron  ejection, 
runs  rather  rapidly,  virtually  for  the  time  equal  to  the  light  field  period. 
Most  readily  ionized  in  the  sheme  considered  are  alkali  metals  (in  the  vapoure 
state),  most  difficult  -  inert  gases.  In  the  X-ray  wavelength  region  this  is 
K-ionization  for  He  and  Na,  L-ionization  for  Ar  and  K-  and  M-ionization  for  Rb 
and  Kr.  For  estimates,  let  us  consider  these  gases  (and  vapors)  under 
atmospheric  pressure  (NQ**3  1019cm).  Ejje**2.5  109W/cm,  Ejga*4 .3  109  W/cm, 

5*4  O1^/ cm  (This  corresponds  to  the  laser  radiation  intensity  of  1*4  01 7W/cm2 ) . 
An  average  distance  between  the  atoms  is  0.3  10_6cm,  the  velocity  acquired  by 
an  electron  at  this  distance  is  2.8  109cm/s,  and  energy  £**2000  eV.  At  a  laser 
puls  duration,  t,,,  net  ionization  efficiency  is  determined  by  the  value  ca,,. 
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recombination  being  neglected.  At  the  >10  's,  net  efficiency  of  a  single 

K  r.hell  Ionization  amounts  to  •  1  IR4),  i.e.  a  1  moot  all  atomic  remainders 
would  lack  one  K  electron.  Minimal  transition  wavelength  woud  be  >  10  A.  A  unit 
Ionization  efficiency  for  L  shell  in  Ar  ;ind  M -shell  in  Kr  can  be-  expected  at 
10  14  10  13  S. 

L\2.  INVERSION  IN  LASER  SPARCS 

Another  approach  is  associated  with  the-  laser  sparks  effect  In  the 

regimes  of  electron  and  radiative  heat  conductivity  of  medii-im.  The-  ionization 
wave  velocity  v  in  the  high  power  field  may  reach  a  value  more  than  lO^cm/a 
and  appreciably  exceed  sonic  velocity  in  a  hot  plasma.  In  this  case  the 
temperature  of  the  plasma  electron  component  T  amounts  to  1  keV.  The  laser 
radiation  energy  is  absorbed  by  the  electron  component  of  the  plasma.  Under 
these  conditions,  during  the  Ionization  wave  front  travelling,  the 
temperatures  between  the  electron  and  ion  components  do  not  become  lavelled, 
since  the  relaxation  time  ,  at  these  temperatures  is  less  than  that  of  the 
ionization  wave-  front  passing.  Thus,  the  ions  on  the  ionization  wave  front 

will  be  cold  ;ind  recombination  absent  because  this  process  has  a  haras terist is 
time  of  development  comparable  with  1  ;. 

The  major  transfer  mechanizm  for  the  ionization  wave  under  these 
conditions  is  radiative  heat  conductivity.  The  plasma  electron  composer! 
spectral  density  is  here-  well  approximated  by  the  black  body  rudialesjal 

spectral  density  .  Let  us  consider  the  process  of  the  ionization  of  cole 
neutral  atoms  located  before  the  shock  wave.  The  first  way  is  success iv< 

ionization  of  the  electrons  starting  from  the  upper  one-.  In  this  case  inverse 
population  could  occur  as  a  result  of  recombination,  but  on  the  Ionization 
wave  front  recombination  has  not  enough  time  to  occur.  Since  there  un¬ 

sufficiently  hard  quanta  in  the  plasma  radiative  spectrum,  the  lower  lying 
electrons  may  be  Ionized  at  once.  In  this  case  the  value  of  the  inverse 
population  is  determined  by  the  probabilities  of  both  ways  of  ionization.  In 
the  general  form  the  process  would  be  more  complex.  In  particular,  the 

appeared  electron  vacancy  may  "migrate"  upward  over  the  electron  states  of  the 
Ion.  For  noon  ( Z — 1 0 )  the  photoionization  time  for  the  K  electron  1.1 

10  ^s.  The  value  '  1.45  10  31s.  Thus  the  rates  of  the  development  of  both 

ways,  of  the  Ionization  are  comparable.  The  value  v  1 0ficm/s  and  the  time  of 
the  front  passing  over  a  separated  section  -  •  (>,/)  1  10  1  s  (  10Jcm‘  is  the 
laser  radiation  absorption  coefficient)  correspond  to  the-  temperature 
T  -1  keV.  According  to  this  estimates  the  processes  of  successive  H  multiple- 
ionization  of  the-  tori  arid  its  K  electron  are  equally  probable.  Since  o. 
approximately  half  of  the  particles  at  the-  ionization  wave-  front  will  be  in  an 
exeite-d  state-.  The-  main  transition  will  be  in  a  Y  multiple-  ionized  neon 
without.  K  electron.  The  wave-length  of  ;•'"•/(  .  -i  )  I’O  A  corresponds,  to  this 
transition.  To  generate  radiation  with  a  frequency  of  101f*llz,  the-  ionization 
process  c;tri  be-  considered  Instantaneous.  In  this  case-  the-  atomic  remainder 
transfers  into  an  excited  non  stationary  state,  siriee  ejection  of  part  of 
electron  :  through  ionization  changes  the-  energy  of  the  atomic  remainder  and 
hence,  its  Hamiltonian,  and  the-  stales  of  the-  rest  electrons,  at  instance 
Immediately  after  the  Ionization  act  keep  the-  same-  as  be- fore-  it  in  the-  atom 
Non).  All  the-  electronic  sis  tern  of  the-  atomic  remainder  turns,  out  to  be  in  an 


excited  state;  we'll  consider  only  the  electron  located  "immediately  above  the 
hole",  i.e.  which  would  be  the  first  to  transfer  from  the  nonstationary  state 
into  the  stationary  one.  The  latter  state  may  naturally  be  either  fundamental 
or  excited.  The  probability  of  these  transition  is  known  [253.  If  <u«  is  the 
wave  function  (WP)  of  a  set  of  the  corresponding  quantum  numbers  of  an 
unperturbed  atom,  is  WP  in  state  m  of  the  atomic  remainder,  then  the 

iiHVV  p  p 

probability  of  transition  from  n  into  in  is  *[^=1%^!  =1  I  •  The 

rate  of  this  transition  ,  unlike  that  of  transition  between  the  statlonarity 
states,  is  unknown,  but  it  is  this  rate  that  virtually  determines  the  lifetime 
of  the  "hole".  If  it  is  greater  then  the  rate  of  the  ionization  considered  the 
medium  inverse  population  takes  place,  the  portion  of  atomic  remainders  in  the 
state  of  inverse  population  being  determined  by  the  way  of  ionization  driving 
and  may  considerable  (more  than  10%). 

III.  ANALYTIC  MODELS  OF  AMPLIFICATION  OF  SPONTANEOUS  RADIATION 

We  shall  now  consider  in  greater  detail  the  amplification  of  radiation 
in  an  active  medium. 

INSTABILITY_OF_BipiRECTIONAL_AMPLIFICATION_IN_LONG_FILAMENTS_]_82 .  At 

first  sight  it  follows  from  symmetry  considerations  that  amplification  of 
spontaneous  radiation  in  a  long  plasma  filament  of  finite  length  L  shoud 
establish  a  steady-state  symmetric  spatial  distribution  of  the  intensity. 
However,  we  can  demonstrate  that  small  fluctuations  of  the  Initial  intensity 
of  spontaneous  radiation  (which  are  always  present)  alter  qualitatively  the 
spatial  distribution  of  the  intensity  so  that  it  becomes  asymmetric.  This 
asymmetry  is  difficult  to  detect  in  the  case  of  radiation  emerging  from  the 
end.  For  example,  the  intensities  at  the  right  I  and  left  Ij  ends  differ  only 
by  a  few  percent.  This  is  due  to  the  fact  that  the  intensity  I;  increases  in 
the  region  where  the  radiation  traveling  to  the  right  has  not  yet  depleted  the 
inversion. 

AMPLIFICATION, IN_A_SEMI; INFINITE_FILAMENT .  We  shall  consider 

unidirectional  amplification  of  spontaneous  radiation  near  the  end  of  a  long 
filament.  In  this  case  the  intensity  of  the  wave  emerging  from  the  filament 
depends  on  time.  We  can  determine  1(f)  by  specifying  the  time  dependenses  of 
the  gain  and  of  the  absorption  coefficient.  We  shall  assume  that 

*+(t)=(0,t  0;  ;<:+,  0 rt<tir;  0,  1  -t  ),  .»"=Const,  (9) 

i.e.,  in  a  constantly  absorbing  medium  at  a  time  t.=0  the  amplification  acts 
for  a  time  '  ,.  The  equation  governing  the  time  dependence  of  the  intensity  is 

-  »  +  (I,  t  )I-<».-I+q,  a  +  ( I ,  t )  =  *  +  ( t ) /  ( 1  + 1/ Ig ) .  (10) 

The  assumed  time  dependens  of  the  gain,  subject  to  saturation,  is  typical  of  a 
homogeneously  broadened  line.  In  a  transient  medium  the  intensity  Ig  causing 
gain  saturation  is  generally  a  function  of  time.  We  shall  ignor  this 
circumstance.  We  shall  solve  (10)  subject  to  the  initial  condition 
I(0)-I  =q/-»”.  Assuming  that  *+ •  and  I0r/I0  1,  we  obtain 

.i  _  ° 

K1-I/IJ-*  /f  =Ispexp[g+(t)l,  I.t,=Is>:+/4~,  g+(t)=c;<  +  t.  (11) 

The  time  dependens  of  the  intensity  is  shown  in  Fig. 2. 

The  quantity  g+ ( t )  is  limited  to  the  value  g+-  c«+t  .  We  shall  determine 
the  value  g+  necessary  to  reach  an  intensity  1=1  (1 •"  )  which  is  of 
practical  interest  only  if  gQ  In  ( I/I  )  ,-PO.  Substituting  the  expression  for 


I  in  (11),  we  obtain 
amplifying  potential 


g+=g0+5ae+/3e  >20+53e+/ae 


of 


Effective  utilzation  of  the 
the  active  mediumrequires  that  6^1 .  Therefore  if 
ae+/ae~>>1 ,  it  follows  that 
amplification  can  be  achieved  if 


g+>20. 


if  ae+/ae  =10,  we 


For  example 
should  have  g+^30. 

We  shall  now  determine  the  time 

taken  by  intensity  to  ri6e  from  I  to 

-S  sp 

Time  dependence  of  the  intensity  1=1  (1-e  ): 


Fig. 

at  the  end  of  a  semiinfinite  transient 
filament  when  t^<t1 . 


ct^L^gQ/ae  +6/ae  (12) 

From  now  on  we  shall  assume  that  6=1 . 


little  effect  on  the  output 
accordance  with  the  law 


An  increase  in  t  in  excess  of  t1  has 
intensity.  If  t>tg  the  intensity  decreases  in 


I(t)  =  [I(t  )-I8  lexpt-cae  (t-tg)]+I  .  (13) 

If  the  time  dependence  of  the  gain  coefficient  is  bell-shaped,  then  the 
integral  g+=c/3e+(t)dt  should  be  used  in  (11).  We  shall  find  the  time  constant 
tg=g+/caerri.  As  a  rule,  t  is  approximately  equal  to  the  half-width  of  ae+(t)  at 
midamplitude.  A  more  detailed  analysis  of  the  amplification  should  be  made 
u^ing  a  secular  time-dependent  equation  describing  the  transfer  of  the 
amplitude  of  a  light  wave. 

RADIATION  ENERGY^  We  shall  estimate  the  energy  which  can,  in  principle, 
be  obtained  from  a  plasma  filament  as  a  result  of  recombination  pumping.  In 
the  case  of  free  expansion  in  vacuum  we  can  obtain  an  upper  limit  to  this 
energy  on  the  assumpsion  that  each  recombination  center  emits  one  photon: 

Eias=^N0RyZ2(1/a2-1/b2).  (14) 

If  No=1023crrf3,  R  =lp.,  and  Z=6,  the  energy  obtained  in  the  case  of  the  3-2 
transition  is  Elag=34  mJ/cm.  The  energy  Elas  is  reduced  by  the  following 
circumstances:  1  )  for  reasons  associated  with  the  gasdynamics  of  filament 
expansion,  not  all  the  particles  have  plasma  parameters  within  the  range 
favorable  for  amplification;  2)  not  all  the  ions  recombine  (ionization 
quenching);  3)  not  all  the  recombining  electrons  reach  the  upper  laser  active 
level  and  a  part  of  the  recombination  flux  bypasses  the  lasing  transitions;  4) 
ot  all  the  electrons  reaching  the  upper  laser-active  level  drop  down  on  the 
energy  scale  because  of  stimulated  emission  and  some  of  them  drop  down  because 
of  collisional  deexcitation  and  spontaneous  emission  at  an  angle  to  the 
filament  axis. 

IV.  CONCLUSIONS. 


Our  analysis  deals  with  the  problems  associated  with  the  influence  of  the 
transient  nature  of  the  active  medium  and  of  the  distributed  losses  on  the 
amplification  of  the  spontaneous  radiation  at  short  wavelengths.  An  increase 
in  the  charge  carried  by  each  ion  enhances  the  time  dependence.  The  product  of 
the  gain  and.  the  distance  wich  light  can  travel  during  the  gain  lifetime  tends 
to  zero.  This  may  limit  the  usefulness  of  some  population  inversion  mechanisms 
as  the  wavelength  is  reduced.  The  majority  of  the  proposed  shortwavelength 
population  inversion  schemes  are  characterized  by  radiative  depopulation  of 
the  lower  active  level,  wich  is  effective  only  in  very  thin  plasma  bunches. 
Recombination  pumping  requiers  rapid  cooling  and  this  again  means  that  thin 
plasma  bunches  have  to  be  used.  The  result  is  an  increase  in  the  role  of 
distributed  losses  beacause  of  defocusing  of  the  amplified  radiation  and 
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these  losses  exceed  the  losses  usually  allowed  for  (due  to  invers 
bremsstrahlung  absorption  and  photoionization  of  exited  levels  of  ions).  An 
allowance  for  distributed  losses  can  also  limit  the  usefulness  of  some 
population  inversion  schemes  at  shorter  wavelengths. 

By  way  of  illustration  of  these  general  ideas,  a  detailed  analysis  i6 
made  of  recombination  pumping  of  hydrogen-like  ions  in  an  expanding  plasma 
filament.  It  is  shown  that  in  this  case  the  variant  of  free  expansion  of  the 
plasma  filament  in  vacuum  is  unsuitable  for  higher  values  of  z.  Limitations 
are  imposed  by  a  factors  mentioned  above  such  as  the  transient  nature  of  the 
active  medium  and  losses  due  to  defocusing  of  radiation.  The  limiting  values 
of  Z  at  wich  amplification  can  still  be  observed  are  8  (for  3-2  transition) 
and  10  (for  4-3  transition).  Forced  ionization  of  an  expanding  plasma  in  the 
case  of  parameters  optimal  for  the  amplification  of  light  in  the  free 
expansion  variant  improves  somewhat  the  limiting  value  of  Z  (Z=12  for  the  3-2 
transition).  The  main  limitations  are  then  imposed  by  distributed  losses  due 
to  refraction.  ? 

It  is  also  shown,  that  high-power  laser  radiation  I>10  nW/cm  enables  to 
produce  an  extended  inversely  populated  active  medium  in  light-atomic  gases  in 
order  to  generate  coherent  radiation  in  the  soft  X-ray  region. 

1.  D. Matthews,  M.Eckart,  D.Eder,  P.Hagelstein,  A.Hazi,  R. London,  B.Macgowan, 

S.Maxon,  D.Nilson,  T. Phillips,  M. Rosen,  J. Scofield,  G.Shimkaveg, 

R.  Stewart,  J.Trebes,  D. Whelan,  B. Whitten,  J. Woodworth,  S. Brown.  Proc. 
Inter. Colloquium  on  X-ray  Lasers,  Aussois,  France,  1986,  in:  J.Phis. 
(Paris)47,  Colloq.  6,  C6-1  (1986). 

2.  S.Suckewer,  C. Skinner,  D.Kim,  E. Valeo,  D.Voorhes,  A.Wouters. 
Ibid, p. C6-23. 

3.  U. Feldman,  J. Seely,  C.Doschek.  Ibid, p.C6-1 87 . 

4.  M.Key,  J.Boon,  C. Brown,  C.Chenais-Popovics,  R. Corbett,  A.Dameroll, 
P.Gottfeldt,  C. Hooker,  G.Kiehn,  C. Lewis,  D.Pepler,  G.Pert,  C. Reagan, 

S. Rose,  I. Ross,  P.Rumsby,  S.Sadaat,  R. Smith,  T.Tomie,  0. Willi.  Ibid, 
p. C6-7 1 . 

5.  C. Skinner,  C. Keane,  H.Milchberg,  S.Suckever.  Ibid,  p.C6-239. 

6.  P.Jaegle,  G.Jamelot,  A.Carrilon,  A.Klisnick.  Ibid,  p.C6-31. 

7.  D. Jacoby,  G.Pert,  S.Ramsden,  L.Shorrock,  G. Tallents.  Opt.  Commun.37,193, 
(1981  ). 

8.  F.Bunkin,  V. Bykov.  Kvantovaya  Electron.  (Moscow)  13,869(1986). 

9.  F.Bunkin,  V.Derzhiev,  S.Yakovlenko.  Kvantovaya  Electron.  (Moscow)  8,1621 
(1981)  (Sov.J. Quantum  Electron,  11,981  (1981)). 

10.  V. Boiko,  F.Bunkin,  V.Derzhiev,  S.Yakovlenko.  Izv.Akad.Nauk  SSSR  ser.Fiz. 
47,1880(1983);  IEEE. J. Quantum  Electron.  QE-20,206 (1 984) . 

11.  G.Pert.  Philos. Trans. R.Soc. London,  Ser  A300, 631 (1981 ) . 

12.  P.Hagelstein.  Preprint  LLNL,  Livermore,  Ca  (1984). 

13.  A.Borovskii,  V.Korobkin,  Ch.K.Mukhtarov.  Kvantovaya  Electron.  (Moskow) 
12,289(1985)  [Sov.J. Quantum.  Electron.  15,185(1985)). 

14.  A.Borovskii,  V.Korobkin,  Ch.K.Mukhtarov.  Kvantovaya  Electron.  (Moscow) 
12,2456(1985)  [ So v. J. Quantum  Electron.  15,1623(1985)). 

15.  A.Borovskii,  V.Korobkin,  Ch.K.Mukhtarov.  Preprint  £  143  tin  Russian), 
Institute  of  General  Physics,  Academy  of  Science  of  the  USSR,  Moscow 
(1985). 

16.  A.Borovskii,  V.Korobkin,  Ch.K.Muchtarov.  Preprint  Jfe  17  [in  Russian), 
Institute  of  General  Physics,  Academy  of  Science  of  the  USSR,  Moscow 
(1986). 

17.  A.Borovskii,  F.Bunkin,  V.Korobkin,  Ch.K.Mukhtarov.  Paper  presented  at 
Intern.  Colloq.  on  X-ray  Lasers,  Aussois,  France,  1986,  [unpublished). 

18.  A.Borovskii,  V.Korobkin,  Ch.K.Mukhtarov.  Izv.Akad.Nauk  SSSR,  Ser.Fiz., 
50,1158(1986). 

19.  I.Sobelman,  Introduction  to  the  Theory  of  Atomic  Spectra.  PergLtmon  Ireso, 
Oxford  (1973). 

20.  A.Borovskii,  V.Korobkin,  L. Polonskii,  L.Pyatnitskii,  M.Uvaliev.  Preprint 
J6  5-186  (in  Russian).  Institute  of  High  Temperatures,  Academy  of  Science 
of  the  USSR,  Moscow  (1986). 

21.  N. Bakhvalov,  A.Borovskii,  V.Korobkin,  E.Chizhonkov,  M.Eglit,  A.Yakubenko. 
Preprint  £  187  (in  Russian).  Institute  of  General  Physics,  Academy  of 
Science  of  the  USSR,  Moscow  (1985). 

22.  A.Borovskii,  V.Korobkin,  Ch.K.Muchtarov.  Preprint  )*  21  tin  Russian). 
Institute  of  General  Physics,  Academy  of  Science  of  the  USSR,  Moscow 
(1985). 

23.  V.Korobkin,  M.Romanovskii,  in  Proc.  Inter.  Conf.  of  Coherent  and 
Nonlinear  Optics,  USSR,  Minsk,  part  1,  p.375  (1988)  [in  Russian). 

24.  J. Bretagne  et  all.  J.Phys.D:  Appl  Phys.,  19,761(1986). 

25.  A. Davydov.  Kvantovaya  Mekhanika  [in  Russian).  Fizmatgiz,  Moscow  (1963). 


55 


X-RAY  LASER  GAIN  PROM  BRAGG  REFLECT I  ON  OF  CHANNEL  RADIATION 
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ABSTRACT 

The  effects  of  radiation  losses  and  atomic  motion  on  a  distributed  feedback  induced  by 
Bragg  reflections  in  an  electron-beam  channeling  X-ray  laser  is  investigated.  Standing  wave 
fields  with  nodes  in  the  atomic  sites  are  generated  in  this  cavity  mirror  structure  in 
single  crystals  which  reduce  the  losses  located  close  to  the  atomic  sites.  An  explicit 
expression  for  the  low  threshold  gain  is  derived  which  depends  on  the  absorption,  tempera¬ 
ture,  and  on  the  order  of  Bragg  reflection.  It  is  noted  that  diffraction  from  several  sets 
of  atomic  planes  which  satisfy  the  Bragg  condition  simultaneously  may  further  reduce  the 
threshold  oain.  These  distributed  feedback  schemes  have  possible  application  in  reducing 
beam  high  current  requirements  by  many  orders  of  magnitude.  It  is  suggested  that  an  elec¬ 
trostatic  accelerator  based  on  a  field  emission  tip  electron  gun,  as  used  in  scanning 
electron  microscopy,  ran  generate  the  necessary  brightness,  but  with  a  small  current.  A 
detailed  discussion  of  electron  beam  and  accelerator  requirements  is  given  and  some  accel¬ 
erator  ideas  appropriate  for  a  channeling  X-ray  laser  are  suggested. 

I.  INTRODUCTION 

A  relativistic  electron  beam  propagating  through  planar  or  axial  channels  in  a  crystal 
free  of  imoer  f  ec  t  i  ons  may  populate  bound  transverse  energy  eigenstates.-1-  Spontaneous 
dipolar  transitions  between  these  discrete  eigenstates  have  been  shown  experimentally  to 
yield  narrow-width,  highly  polarized,  and  intense  X-ray  radiation  which  is  strongly  forward 
peeked. ^  one  of  the  important  issues  in  the  possibility  of  using  fhe  channeling  mechanism 
as  a  coherent  X-ray  source  depends  on  future  progress  in  creating  sufficient  gain  from 
induced  emission.  This  naper  is  related  to  the  issue  of  identifying  an  efficient  scheme  for 
gain  optimization  in  crystal  channeling.  previous  estimates  suggest  that  in  a  one  passage 
amplification  scheme  even  modest  gains  may  require  currents  above  MA/cm2  range  for  energies 
near  10  Mev.1-5  The  aim  should  be  to  suggest  a  mechanism  to  reduce  this  high  current 
requirement  by  many  orders  of  magnitude,  thereby  bringing  the  channeling  X-ray  laser  closer 
to  experimental  reach. 

An  efficient  scheme  to  significantly  reduce  the  gain  requirements  for  a  channeling  X-ray 
laser  was  orooosed  based  on  the  concept  of  a  distributed  feedback  laser  (DFB)  which  is 
supplied  by  multiple  Bragg  reflections  of  the  radiation.®  This  scheme  was  very  useful  for 
atomic  emitters  in  the  optical,  range'  and  was  extended  later  on  to  the  X-ray  range.®  The 
advantages  of  using  DFB  lasers  includes  the  intrinsic  compactness  and  high  degree  of 
spectral  selectivity  available  without  the  need  for  cavity  mirrors.  The  channeling  DFB 
concept  is  favorable  due  to  the  possibility  of  radiation  tunability.  By  adjusting  the 
electron  beam  energy  the  Doppler  up-shifted  radiation  can  be  tuned  onto  a  line  in  the  DFB 
mode  spectrum  near  the  Bragg  reflection  frequency.® 

The  present  paper  considers  the  channeling  DFB  scheme  including  the  effects  of  absorp¬ 
tion  an'-1  atomic  motion  on  the  threshold  gain  condition  and  spectral  selectivity.  We  find 
that  the  formation  of  a  standing  wave-field  with  nodes  on  atomic  sites,  where  absorption 
takes  place,  reduces  drastically  the  effect  of  absorption.  This  effect  is  related  to  the 
Borrmann  anomalous  transmission  effect  where  standing  wave  generation  makes  X-ray  losses 
small.9-1-®  The  atomic  motion  effect  can  be  expressed  in  term  of  a  Debye-Waller 
factor.10'11'1^  This  effect  limits  the  applicability  of  the  DFB  scheme  to  temperatures  that 
are  very  low  compared  to  the  Debye  temperature.  We  further  consider  the  effect  of  the  order 
of  Bragg  reflections  on  the  threshold  gain  condition.  In  spite  of  the  limitations  intro¬ 
duced  by  the  radiation  losses  the  DFB  mechanism  does  reduce  drastically  the  high  current 
requirements.  However,  the  main  threshold  condition  is  dictated  by  the  absorption. 

To  carry  out  a  meaningful  experiment  of  channeling  X-ray  laser  an  accelerator  should  be 
selected  based  on  existing  technology  with  a  very  low  emittance  and  high  current  density.  A 
possible  concept  can  be  to  apply  a  field  emission  tip  electron  gun,  as  used  in  scanning 
electron  microscopy,  in  an  electrostatic  accelerator.  A  low  emittance  beam  can  be  obtained 
with  very  high  current  density  (1  MA/cm2),  but  very  low  current  (10-100  nA) .  The  transverse 
dimension  of  the  beam  can  be  in  the  range  of  100  A  and  radiation  guiding  is  supported  by 
Bragg  reflections.12 

*  Visitinn  Scientist  on  leave  from  the  Nuclear  Research  Center,  Negev,  P.O.  Box  9001,  Beer 
Sheva ,  Israel. 
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II.  THE  DFB  X-RAY  LAS  E  R  MODEL 


We  characterize  the  set  of  channeling  transverse  eigenstates  in  the  x  direction  as  a 
two-level  system  with  states  |1>  and  |2>,  where  W  and  Jrfw0  =  E?  _  Ei  are  the  population  and 
energy  differences,  respectively.  The  directions  of  beam  channeling  and  Bragg  reflections 
are  taken  in  the  z  direction.  The  Doppler  up-shifted  electromagnetic  wave  frequency 
w  =  u; o  '  ( 1 - v  c )  =  2y  wo  in  the  forward  direction  is  chosen  to  closely  match  the  n  order 

Bragg  frequency,  u  ~  nw_,  where  v  is  the  channeling  electron  speed,  wB  =  uc/a  and  a  is  the 
neriodic  reflection  plane  snacing.  Typically  is  a  few  electron  volts  in  the  laboratory 

frame  so  that  for  the  relativistic  factor  y  on  tne  order  of  20,  ftw  is  on  the  order  of 
several  keV .  Consequently,  the  channeling  electron  energy  may  be  tuned  to  satisfy  the  Bragg 
reflection  condition  and  induce  distributed  feedback  in  the  channeling  crystal  (see  Fig.  1). 
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Figure  1 


Channel  radiation  and  Bragg  reflection  (E(z,t)  =  F,+  ( z ,  t)  +  E_(z,t)]. 

The  behavior  of  the  electric  £  field  of  the  electromagnetic  wave  and  the  polarization  p 
of  the  beari  electrons  are  related  by  the  Maxwell’s  wave  equation: 

?  2 

*  1  ft  -*•  4  ti  ft  /  ft  -►  -*  +  \ 

“W  ’  -  t2  W2  E  ■  -2  5t  (»t  ? 

0  z  cot  c 


where  M  =  P  x  v/c  is  the  magnetization  due  to  the  beam  electrons  and  transverse  field 


effects  are  nor  considered. 


The  induced  current  J  =  J  _  +  J,^  .  where  J  is  the  oscil- 

osc  los  osc 


latory  mart  and  J, 


11  los  fl) 

can  be  represented  as,  ' 


the  dissipative  current.  The  induced  current  J  in  r.h.s.  of  Eq .  (1) 


where  K  =  2ne  n  /cnu>  is  the  reflection  function,  n0  is  the  spatially  modulated  atomic 
electron  density,  u  is  the  absorption  function  and  an  average  is  carried  out  over  the 
transverse  direction  o  =  (x,y) .  in  the  present  section  the  atomic  motion  is  neglected  so 

that  K  and  u  are  periodic  functions  in  the  z  direction. 

The  electric  ?  and  polarization  p  fields  are  taken  in  the  x  direction  and  are  defined  in 
‘•err  of  forward  and  backward  traveling  waves: 


F.  (  z  ,  t)  =  e+  (z  ,  t)  e 


-  ia»(  t-z)  +  e  (Z(t)e-iw(t+z/c)+  c>c_ 


P(z,t)  =  Pt  (  z,  t)  e~  1"!(  11  z/c)  +  P_(z,t)e  lw(t  +  z/c>+  C.C.  , 


/here  r  and  P  arc  slowly  varying  envelope  fields. 
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Inserting  Eqs  .  (3a,  3b,  2)  in  Eq.  (1)  we  obtain 


• b  e  ,  b  E  ,  ;  .  5e  .  b  e 

^  +  (H  +  iK)Ej  +  e"  [-  ^  +  1  ziT  +  (li  +  iK)E- 


e  '"f  K —  +  —  5-77 
3  z  c  b  t 


2niwr  i  kz 


[e1Kz(l  -  v/c)P+  +  e  lkz(l  +  v/c)P_] 


(4) 


2  2 

where  k  =  <o/c  .and  second  order  derivatives  are  ignored  because  b  e/at  <<  wbs/bt  and 
i'“E/flz"  <<  k?e/dz. 

Equation  (4)  must  be  supplemented  by  the  equation  for  P+  and  is  readily  determined  from 
a  density  matrix  aporoach  obeying  the  Bloch  equa t ion : ® ^ ® 

ft  P+  +  V  Iz  P±  =  iA±P±  -  i(1  T  v/c)d2nbWE+/M  -  TP±  ,  (5) 

where  d  =  e  <1|  x  | 2>  is  the  electric  dipole  moment,  n^  is  the  beam  number  density,  r  is  a 
phenomenological  damping  constant  related  to  the  channeling  coherence  length  v/r , 

*.+  =  u(  1  +  v/c)  -  u>o  is  a  detuning  frequency  and  v/c  represents  a  magnetic  dipcle  interac¬ 
tion  correction.  In  the  limit  of  short  coherence  v/r  the  l.h.s.  of  of  Eq .  (5)  is  small  and 

Eq.  (5)  simplifies:  P+  =  idn^wfde^/h 1 ( 1  +  v/c)/(i&+  -  r).  Near  resonance  w  ~  2y 2ioq  and 
A  +  /T  <<  1  giving:  P  +  =  -id2nbWe+(l  -  v/c)/)4r  .  in  this  limit  A_  ~  w,  A_  >>  T  and  in  the 
case  of  low  gain  can  be  iqnored  in  Eq.  (4).  We  now  define  the  scalar  gain 
g  =  2twd^  n^W/Mcf ,  where  d^  =  d(l-v/c).  Substituting  p+  in  Eq .  (4)  we  obtain 

eikz  rli  E+  +  i  It  E+  +  <•*  +  iK)e+  -  9+eJ  + 

+  E-  +  c  It  E-  +  <u  +  iK>E_  -  9_0  =  0  (6) 

where  the  forward  gain  factor  g+  =  g  and  the  backward  gain  factor  g_  =  0. 

In  the  following  we  obtain  the  equation  of  motion  for  DFB  X-ray  laser  by  using  the 
resonance  parts  of  Eq.  (6) .  Notice  that  K  and  g  are  periodic  functions,  i.e.  K(z)  =  K(z+a) 
and  u(z)  =  u(z+a).  For  a  periodic  function  f(z)  =  f(z+a)  we  can  use  the  Fourier  series 
expansion, 

°°  2  i  Ak  z 

f(z)  =  l  fxe  *  ,  (7) 


where  kR  =  wR/c  =  n/a  . 

We  ins  rt  the  Fourier  expansion  Eq.  (7)  for  K  and  ti  in  Eq.  (6) .  For  the  case  the  radia¬ 
tion  frequency  is  close  to  the  n  order  Bragg  reflection  condition,  k  ~  nkR,  and  ignoring 
highly  oscillatory  terms  we  obtain  from  Eq .  (6) ,  '' 
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where  we  redefine  £  as  e  expf +  i(k-nk  )z]  and  include  the  atomic  motion  effect  by  replac- 


ing  K  and  un  by  Kn  exp(-Wn)  and  un  exp(-Wn) ,  respectively,  with  Wn  as  the  Debye-Waller 

f actor .  ^ ^  Here  6  =  nk„  -  k  is  the  detuning  from  the  n  order  reflection  and  we  note 

*  * 

that  K  and  u  are  real  functions,  i.e.  K_m  =  and  =  n  .  Equations  (8)  and  (9)  are  a 

coupled  set  of  equations  of  motion  for  the  DFB  X-ray  laser. 

III.  THRESHOLD  AND  SELECTIVITY  CONDITIONS 

We  now  find  the  effect  of  absorption  and  atomic  motion  on  the  threshold  gain  and  selected 
resonance  frequency.  The  system  at  threshold  is  presented  by  the  solution  of  Eqs.  (9,  9)  at 
steady-state , 

-W 

r+  -  fg+  -  i6  -  uQ  -  iKQl  e  +  +  e  n(un  +  iKj  =  0  (10) 


-  dz  E-  ■  ^g-  "  i6  -  %  “  iKo^  £-  +  e  n^n  +  iKn-  %  =  0  '  <u> 

where  g  is  identified  as  a  threshold  gain  and  6  as  the  selected  frequency. 

The  coupled  waves  Eqs.  (10)  and  (11)  describe  the  spatial  variation  of  transmitted  and 
reflected  wave  amplitudes  in  a  beam  channeling  DFB  medium.  For  a  slab  of  length  L  centered 
at  z=0,  the  accompanying  boundary  conditions  read:  e  (-L/2)  =  e_(L/2)  =  0  and  no  external 

radiation  sources  are  assumed.  The  cor>'  >spond  ing  eigenvalue  solutions  to  Eqs.  (10)  and  (11) 
for  the  case  that  Kn  and  un  are  real  numbers  are  found  directly: 


e+(z)  =  egz/2sinh[x  (z  +  L/2)  1 


(12) 


e  (z)  =  ±  egz/2sinhf X(z  -  L/2)]  , 


(11) 


where 
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and  the  dispersion  relation  is 

(X  -  |  +  i6  +  iKQ  +  nQ]  +  (X  -  |  -  i6  -  iKo  -  |io)e_2KL  =  0  .  (la) 

A  formal  solution  of  allowed  resonance  frequencies  6  and  threshold  values  g  can  be 
obtained  by  inserting  Eqs.  (12,  13)  in  Eq.  (8): 
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Equation  ( 1  ft )  determines  X.  Substitution  of  X  into  Eq.  (17)  and  equating  real  and  imaginary 
parts  yields  the  allowed  5  and  g. 

Approximate  formulas  can  be  obtained  in  the  limit  of  strong  reflections: 

fx^L)2  >>  (gL)  2  +  1  and  |  X  E,  f  <<  1.  Upon  expanding  Eq .  (16)  in  this  limit  and  using  the 

expression  for  X  we  find  for  the  first  resonance: 

-W 
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2  2 

the  threshold  gain  condition  gt  for  the  typical  case  of  >>  \iq 
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rhe  threshold  gain  in  Eq.  (19)  includes  two  independent  terms:  the  first  term  is  due  to 
reflection,0  the  second  one  is  due  to  absorption.  In  a  one  passage  amplification  system 
(with  no  reflections)  the  absorption  is  with  the  average  absorption  coefficient  u  which  is 

-11'.  0 
liras  for  v-ravs,  u  >  1 0  cm  .  *  In  the  Bragg  reflection  coupling  system  standing  waves 

ire  generated  with  nodes  on  the  atomic  sites  and  the  absorption,  located  mainly  close  to 
the  atomic  sites,  is  strongly  reduced.  For  this  case  at  low  temperature  compare  to  the 
nebve  temperature,  where  exp(-W  )  ~  1,  un  is  of  the  order  of  n  and  gfc  due  to  absorption  is 
stronaly  reduced  compared  to  u  .  From  numerical  calculation  of  the  anomalous  absorption  in 
a  germanium  single  crystal  the  value  of  l-un/vi0  can  be  of  the  order  of  10“-*.^ 

The  threshold  qain  condition  due  to  reflection  can  be  evaluated  using  the  reflection 
function  ’<(z)  with  a  modulated  atomic  electron  density:  ng(z)  =  nQfl  -  cos(2K^z)1. 

2 

Nonlying  the  F0Urier  expansion,  Eq .  (7) ,  for  K(z)  we  obtain  Kq  =  2me  n  /cmu^  and  K^=  -K0/2. 

Typically  vQ  is  on  the  order  of  104  cm-1  in  a  number  of  crystalline  samples  used  in 

channeling  studies,  e.q.,  silicon,  diamond,  where  nQ  is  approximately  the  crystal  bound 

electron  density.  For  first  order  Bragg  reflections  n  =  1  and  L  =  0.1  cm  the  value  of  gt 

due  to  reflection  is  7  x  10"  cm-1-.  in  crystals  with  low  atomic  numbers  e.g.,  LiH, 

-1  -3  _2-"l 

~  10  cm  and  for  1  —  ir ^ / u. Q  ~  10  the  value  of  gt  due  to  absorption  is  10  *  cm  .  Thus, 

the  main  contribution  here  to  the  threshold  gain  condition  is  absorption.  But  as  L 
decreases  below  200  u  the  reflection  contribution  to  gt  exceeds  the  absorption  one. 


It  is  shown  in  Refs.  (15,  16)  that  by  applying  a  diffraction  scheme  from  several  sets  of 
atomic  Dianes  which  satisfy  the  3ragg  condition  simultaneously,  it  is  possible  to  reduce 
the  absorption  of  the  radiation.  In  this  method,  called  the  multi-beam  Borrmann  effect, 
standing  waves  are  generated  in  several  directions  relative  to  the  atomic  site,  generating 
larger  nodal  regions  in  radiation  fields  and  the  absorption  for  some. of  the  radiation  modes 
can  be  reduced  by  a  factor  of  10-  .  0  For  this  case  and  ~  10  cm-1,  g  due  to  absorption 
can  be  reduced  to  10--  cm-1-. 


The  inclusion  of  the  atomic  motion  in  Eq.  (19)  is  through  the  Debye-Waller  factor  and  is 
related  to  the  average  displacement  U,  where  U2  =  <(u.jz^  decreases  with  the  increase  in 
the  Debye  temperature  Tn.  For  a  crystal  with  a  high  Debye  temperature  Wn  due  to  the  zero 

ooint  notion  can  be  as  low  as  W  ~  10-1  n2.14  Thus,  for  n  =  1  and  temperatures  T  <<  TD  the 
zero  point  motion  does  not  change  gt  appreciatively.  Furthermore,  by  applyinq  the  multi¬ 
beam  Borrmann  effect  together  with  the  DFB  scheme  the  atomic  motion  effect  and  the 
threshold  gain  condition  can  be  further  reduced. 

For  the  case  the  gain  g  is  larger  than  the  threshold  gain  gt  the  radiation  fields  e  + 
increase  with  time  as  exoF (g-g.)  ct/2]  in  the  linear  range.  Thus,  an  amplification  factor 

z  -i 

(g-g  h) ct/2  ~  1  is  obtained  for  a  beam  pulse  duration  of  50  ns,  L  =  0.1  cm  and  U  ~  10  cm 

■  _  2  - 1  '  0 
for  g  ~  10  cm  in  the  DFB  scheme  and  by  including  multi-beam  Borrmann  effect  for 

-3-1 

g  ~  2  x  1 0  cm  .  These  results  should  be  compared  to  the  gain  (g  -  n0)L  ~  1  obtained  in 

a  one  passage  amplification,  wherefore  L  =  0.1  cm  and  iiQ  ~  10  cm  1,  g  ~  20  cm-1.  Thus,  in 
s  p  i  to  of  the  limitations  on  gt  due  to  the  absorption,  in  terms  of  bear  current  requirements 
the  DFB  mechanism  in  beam  channeling  has  possible  application  in  reducing  current  require¬ 
ments  by  many  orders  of  magnitude. 

Tn  the  next  section  we  show  that  it  is  useful  to  consider  an  accelerator  concept  based 
on  a  high  current  density  (1  MA/cm2)  but  with  a  low  total  current  (1  11A) .  The  minimum  beam 
radius  b  denends  on  the  mechanism  to  guide  the  radiation.  Tn  a  one-passage  amplification 

2 

the  guiding  can  be  supported  by  spatial  guiding  base  on  Fresnel  condition  4a  /XL  >  1  or  by 
gain  guiding  condition  4a'  g/\  >  1.  These  forms  of  guiding  require  for  X  =  3A  ,  a  =  100A  that 
g  >>  1  and  to  a  further  increase  in  current  density. ^  In  the  DFB  system  guiding  can  be 
supported  by  Bragg  reflections  with  the  condition  4azKQ/X  >  1  and  is  independent  of  q.17 

Thus,  reflections  can  avoid  the  buildup  of  radiation  diffraction  for  X  =  3A,  a  =  100A  even 
with  g  /  <•  ]  . 
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IV.  accelerator  requirements 

In  order  to  obtain  significant  gain  from  induced  emission  the  current  density  of  the 
electron  beam  must  be  of  the  order’'®  of  10'  -  10°  A/cm"  for  one-pass  amplification.  This 
requirement  can  be  reduced  to  10^  -  10®  A/cm2  by  using  the  QFR  scheme  described  in  this 
nine r . 

The  electron  beam  is  characterized  by  the  emittance  r  =  R<A9>  where  R  is  the  beam  radius 
and  <  .*.  a>  is  the  angular  snread .  The  beam  may  alternately  be  characterized  by  the  mean 
perpendicular  enemy 


VJL  =  ^  *C<A9>]2 


(20) 


nr  the  n r  •:  n htness 

3  =  I ,  '  ( it  e )  2 


(21) 


where  I  is  the  ‘•oral  current.  The  current  density  can  always  be  increased  by  focusing.  For 
n>:rmlc,  for  a  magnetic  lens  in  vacuum  the  envelope  equation  is 
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(22) 


'  ^  =  eR,  v me  where  Bz  is  the  axial  magnetic  field.  The  beam  radius  can  thus  be  reduced  to 

‘-he  limits  of  Eq.  (22).  However,  the  crystal  channel  eigenstates  set  a  more  restrictive 
limit.  Since  t  =  R<A9>  is  nreserved  as  3  decreases  <A9>  increases  as  does  W 1  given  by  Eq . 
(?m  .  To  have  bound  eigenstates  VI  <  10  eV  is  required.  Thus  the  minimum  radius  is  Rm  = 

e  vmc2  2  and  the  maximum  current  density  is 


Jm  =  it3f2V.,i/y-nc2]  .  (23) 

The  accelerator  that  oroduces  the  maximum  J  is  a  field  emission  type  employed  in  scanninq 

electron  m i c r osco pv . For  d.c.  operation  e  ~  3  x  10”^,  y  =  1  (5  keV)  and  I  =  10  ^  A. 

quch  beams  are  routinely  focused  to  a  current  density  of  10®  A/cm2.  If  the  electron  beam 
could  be  accelerated  to  10  Mev  without  changing  the  normalized  emittance  en  =  ype,  the 

resultant  emittance  would  be  e  =  2  x  10  .  The  minimum  radius  for  <  10  eV  would  be 

1 . 1  S  corresoond  ing  to  a  current  density  of  0.6  x  10®  A/cm2 .  A  current  density  of  10® 

A 'cm2  would  be  obtained  over  a  final  focus  radius  of  18  A  or  104  A/cm2  over  57  A  radius. 

For  a  channel  of  100  A  radius  the  total  current  would  need  to  be  increased  by  a  factor  of 
about  V1  to  achieve  a  current  density  of  10®  A/cm2.  Presumably  with  pulsed  operation  much 
larger  currents  could  be  obtained  and  larger  final  current  density  or  larger  minimum  radius 
with  the  same  current  density  would  be  possible. 

The  question  that  must  be  addressed  is  whether  or  not  a  low  current  beam  can  be  acceler¬ 
ate!  from  about  5  kev  to  10  *1eV  without  destroying  the  brightness  due  to  some  instability. 
For  such  a  low  current  beam  it  is  credible  that  this  could  be  done  with  an  electrostatic 
accelerator  i.e.,  a  Van  de  qraff.  However,  such  an  accelerator  is  expensive  and  requires  a 
lirge  facility  which  would  limit  the  availability  of  the  X-ray  laser.  For  this  reason  we 
have  also  considered  a  particular  type  of  Betatron  that  is  a  descendant  of  the  Astron  of 
r.LML .  I*-  is  called  the  elongated2*-  Betatron  and  has  been  developed  to  accelerate  currents 

of  the  order  of  ion  a  to  a  few  MeV.  It  has  also  been  employed  to  trap  very  low  current 
beams  which  has  not  been  possible  with  an  ordinary  Betatron. 

In  any  case  th°  electron  beam  requirements  are  not  state  of  the  art  but  appear  to  be 
achievable  wi*-h  some  research  on  the  source  of  electrons  and  the  accelerator  starting  with 
field  emission  sources  used  in  scanning  electron  microscopy. 
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Abstract 


Supratherrr.a  1  electrons  have  been  proposed  in  several  contexts  as  a  pump  source  for  x- 
ray  lasers.  In  a  series  of  experiments  performed  at  the  University  of  Rochester,  formvar- 
supported  circular  silver  dot  targets  were  simultaneously  irradiated  with  1.06pm  and  0.35 
p~  Ias«r  light  in  the  mid-IC1**  W  cm-2  range.  In  some  of  the  shots,  only  0.35  pm  light  was 
used.  Both  high  resolution  and  broadband  spectral  data  reveal  that  higher  states  of 
excitation  and  ionization  of  neonlike  and  fluorinelike  silver  were  achieved  in  the  presence 
of  the  1.06  pm  beam.  Evidence  that  this  enhanced  excitation  and  ionization  is  due  to 
s  ..prat  h  err.  a  I  electron  pumping  is  provided  by  the  broadband  continuum  data  which  show  little 
or'  nc  increase  in  the  thermal  electron  temperature,  when  the  1 . 0 6  pm  light  is  superimposed. 
Analysis  of  the  data  indicates  that,  in  a  similarly  structured  linear  target,  the  gain  of 
the  3p-3s  J-2  to  1  neonlike  line  at  99.6  il  would  increase  from  0.4  cm-1  to  -  1  cm-1  when 
using  both  laser  wavelengths.  This  conclusion  is  independent  of  the  mechanism  producing 
the  increased  excitation  and  ionization. 


1 .  Background 

The  generation  of  suprathermal  electrons  in  laser-plasma  interaction  has  been  the 
subject  of  intense  experimental  and  theoretical  investigation  for  more  than  15  years1'1 3. 
The  conversion  of  incident  laser  energy  to  suprathermal  electrons  has  been  found  to  be 
greatest  for  II2  >  ' 0 1 4  w  cm'2  um2.  The  presence  of  such  hot  electrons  is  undesirable  in 
laser  fusion  experiments,  and  they  have  been  substantially  eliminated  through  use  of 
shorter  laser  wavelengths10'^.  However,  suprathermal  electrons  may  be  effective  in 
pumping  x-ray  lasers11*'1*^. 

The  usefulness  of  suprathermal  electrons  in  x-ray  laser  experiments  has  been 
investigated  in  detail11*"1®  only  for  the  achievement  of  population  inversions  in  neonlike 
ions,  although  there  is  every  indication1^  that  the  nickel-like  sequence  is  equally 
promising.  Stripping  to  the  sodiumlike  stage,  or  the  ground  state  of  the  neonlike  stage, 
requires  a  lower  thermal  electron  temperature  than  that  needed  to  both  achieve  and  pump  the 
neonlike  stage.  The  excitation  and  ionization  energies  from  the  ground  state  of  the  closed 
shell  neonlike  configuration  exceed  the  ionization  potential  of  the  sodiumlike  stage. 
Therefore,  a  relatively  cool  plasma  may  contain  substantial  sodiumlike  and/or  neonlike 
ground  state  populations.  Such  a  plasma,  irradiated  by  the  proper  combination  of  laser 
wavelength  and  intensity,  could  then  be  "pumped"  by  the  suprathermal  electron  population 
through  ionization  of  the  outer11*  or  inner  shell  electrons1^,  or  direct  collisional 
excitation  of  the  upper  lasing  levels  of  the  neonlike  staged,  all  of  which  are 
energetically  accessible  to  the  suprathermals  but  not  to  the  cooler  thermal  electrons.  The 
term  "pumping"  is  used  to  refer  to  all  three  possibilities  mentioned  above.  In  an  attempt 
to  provide  experimental  verification  of  this  concept,  a  series  of  shots  was  undertaken 
using  the  0.35  pm  OMEGA  facility  at  the  University  of  Rochester,  supplemented  by  the  1 . 0 6 
pm  GDL  beam  for  suprathermal  electron  generation.  In  the  succeeding  sections,  the 
experiments  and  diagnostics  are  described,  the  principal  data  obtained  presented,  and  our 
interpretation  is  discussed.  In  the  concluding  section,  the  work  is  summarized  and  avenues 
for  future  investigation  are  suggested. 


Description  Of  Experiments 


It  is  now  well  established12’^  that  0.35  urn  laser  light  produces  negligible  numbers  of 
suprathermal  electrons  when  irradiating  a  plasma  at  intensities  I  S  101®  w  cm'2.  However, 
experiments  using  1.06  pm  light  at  I  -  3 x 1 0 1  14  W  cm-2  have  invariably  revealed  the  presence 
of  a  suprathermal  electron  population  which  is  generally  believed  to  be  produced  by  the 


Bachs  -  Freeman  Associates,  Inc.  Bowie,  Maryland  20715 
**  Lawrence  Berkeley  Laboratory,  Berkeley,  California  94720 
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bsorpt  icr.  meehan  i  sm  . 14  *  6  •  ®  *  9 . 1  2 .  1  3  Therefore,  the  state  of  i  on  izat  ion/exo  i  tat  ion 
"a  without  suprathermal  electrons  present  may  be  established  from  target  shots 
sly  the  0.3?  pm  ‘'earns.  When  the  1.06  pm  beam  is  simultaneously  present,  it  is 
at  significant  numbers  of  suprathermals  will  be  created,  allowing  for  the 
of  spect roseopi c  detection  of  their  pumping  effects, 
gets  used  consisted  of  a  3000  A  thick  circular  silver  spot,  2G0  pm  in  diameter, 
n  u  ’600  %  thick  layer  of  formvar  stretched  over  the  2.5  mm  diameter  hole  cf  a 

r.  The  structure  of  t‘r'  target  -  a  potential  lasing  material  deposited  on 

s  similar  to  that  of  th_  linear  exploding  foil  targets  successfully  employed  in 
ray  lasers  at  Lawrence  Livermore  National  Laboratory1 ?-1 9  ar.d  the  Naval  Research 
o.  The  3000  51  thickness  of  the  silver  layer  (315  ug  cm-")  was  chosen  to  produce 
density  of  2  x  10"1  cm-3  at  the  peak  of  the  650  ps  driving  laser  pulse  using 

y  of  1.35  cm  radiation  of  3-5  x  10,i4  W  cm-2.  This  electron  density  permits 

bsorptior.  with  generation  of  suprathermal  electrons  by  the  superimposed  1.06  pm 
which  the  critical  density  is  ixlO"1  cm'3.  One-dimensional  hydrodynamic 
s  of  these  experiments  using  the  model  described  in  Ref.  21  and  the  scaling  laws 
ng-foil  hydrodynamics  developed  in  Ref.  22  formed  the  basis  for  this  choice  of 
xr.ess  to  obtain  Ne=2xlC21  em-3  at  the  laser  pulse  maximum.  Useful  data  were 
seven  silver  target  shots  executed  at  the  University  of  Rochester  using  8  beams 
_m  frequency  up-converted  OMEGA  Nd:  phosphate-glass  laser  facility.  On  3  of 
,  the  ’ .06  „m  GDL  laser  beam  was  superimposed  on  the  0.35  pm  OMEGA  beams  with 
its  100  ps  pulse  coincident  with  that  of  the  650  ps  OMEGA  pulse.  Irradiancrs 
s  on  target  for  both  driving  laser  wavelengths  for  the  7  shots  are  given  in 
spot  was  overfilled  with  300  pm  beans  to  minimize  formation  of  a  cold 
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rradi arms  and  energies  on  target  are  given  for  the  seven  shots  for  both  laser 
refers  to  the  time-averaged  thermal  electron  temperature  derived  from  the 
ontinuum  data.  The  last  column  indicates  whether  transitions  of  fluorinelike 
d ? t, *■? '?  *:  e •  j  on  the  shot. 


pectra  were  recorded  with  'wo  t ic.e- integral i ng  crystal  spectrographs  and  one 
ing  streaked  elliptioally  curved  crystal  spectrograph.  The  latter  device  is 
GPEAXS  system"3.  Two  crystal  spectrographs" 11  employed  flat  crystals  to  obtain 
tier,  spectra.  A  Li  F  (200)  crystal  covered  the  3-62  -  3-72  %  region,  and  a  3i 
?.l  produced  data  between  3-8  and  A .  1  51.  A  curved  mica  crystal  spectrograph  was 

ord  the  entire  silver  L-serics  spectrum  from  3-0  to  *4.5  A.  The  distinct 
spectral  lines  are  readily  identifiable,  and  published  wavelengths  were  used 
ectral  calibration.  For  line  identifications,  ab  initio  atomic  structure 
s  were  performed  using  scaled  Slater  parameters  for  2p-3s  and  2p-3d  transitions 
like  Ac  XXXIX.  XUV  spectra  in  the  25  -  230  ?.  region  were  collected  with  a  3~m 

id»neo  spent rograph" J .  Time- integrated  broadband  spectra  of  the  recomb i na t ion 

r.  the  u-’  xeV  range  were  obtained  on  6  of  the  7  shots  with  an  array  of  K-cdgo 


Results  Of  Experiments 


1  i  r.«3  of  so  i  i  ami  :  ke  and  neor.l  ik'*  silver  were  detected  on  all  sever, 
of  the  spect  rographs  deployed.  However,  an  important  feat  are  of  the 
lines  of  fluorin^! ike  silver  were  detected  only  when  the  1 .06, ur.  GPL 
I  e  on  shots  ,  5,  and  6.  In  shot  6.  the  .  s-fp?  ; /;.  -  :.’s2p!;  -'S;  ,/g 

■'.<  silver''  at  2?.  5  A  was  also  weakly  detected  by  the  A-m  grazing 
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incidence  spectrograph.  Mo  fluorinelike  line  cou'd  be  uniquely  identified,  either  i.n  the 
x-ray  or  XUV  region,  on  shots  1,  3,  4,  and  7. 

High  resolution  spectra  obtained  with  and  without  the  1.06  pm  GDL  beam  are  presented  in 
Figs.  1  and  2.  Dual  flat  crystal  x-ray  spectrographs  using  LiF  (200)  and  Si  (111) 
diffraction  crystals  acquired  these  spectra.  These  spectrographs  equipped  with  translation 
slits  recorded  juxtaposed  spectral  images  on  subsequent  shots  with  OMEGA  plus  GDL  and 
without  GDL  (OMEGA  generated  plasmas  only). 
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Fig.  1.  Silver  spectra  obtained  with  the  LiF  crystal  spectrograph  both  with  (top  spectrum, 
shot  ?)  and  without  (bottom  spectrum,  ohot  1)  the  midpulse  irradiation  by  the  1.06  ym  GDL 
beam.  Line  D  and  electric  quadrupole  lines  E2  ari^e  from  the  neonlike  stage; 
identifications  of  the  fluorinelike  lines  a-d  and  e-f  are  given  in  Table  2. 


ni  4 


W/O  GDL 


WAVELENGTH  (A) 


Silver  spectra  obtained  with  the  Si  crystal  spectrograph  both  with  (top  spectrum, 
and  without  (bottom  spectrum,  shot  3)  the  midpulse  irradiation  by  the  1.06  pm  GDI. 
Line  G  and  electric  quadrupole  lines  E2  arise  from  the  neonlike  stage; 
'i cat  ions  of  the  fluorinelike  lines  g-i  are  given  in  Table  2. 


w  i.'  r 1  ■ 


■;  r'oi’r’  apr.s  wore  rend  with  a  digitizing 
/  compute^  processing.  The  conversion 
;ponsH  together  with  the  dotector  window 
f.peeirnl  line  intensities  were  determined 
intimation  and  by  line  fitting  with  Gaussian 
ans  were*  obtained  by  least  squares  fitting 
eel  od  from  re- g ions  of  the  spectrum  free  of 
“like  1  i  n<-s  are  given  in  Table  .  The 
alike  wavelengths  was  1 3  m  ?i  except  for  the 


,  the  strong  neonlike  line  ,?p^  1  S0  - 
rear.es  in  intensity  by  a  factor  1.6. 

-  .'p^lp  (  l/?.  ,  3/:.' ).:  at  3  86  3  ft  and 
cments  of  at  least  a  factor  of  ?.  .  6 , 
he  sum  of  the  intensities  of  the  p - 
per’  limit  of  ~%  of  the  intensity  of 
1  .  06  urn  beam  i  s  present ,  l  nd  i  ca t  i  ng 
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eadbard  spectral  data  were  obtained  in  five-  channels  centered  at 
oly  a .  ~ ,  6.0,  o.d,  8.0,  and  '3-6  keV.  The  spectral  intensity  is 

sr.  i  mated  overall  uncertainty  of  20?.  Details  of  this  instrument, 
filtered  array  of  PIN1  diodes,  are  given  in  Ref.  12.  Data  from  shots 
.with  GL'L1  are  presented  i  r.  Figs.  3  and  8,  respectively.  The 
nl ike  silver  is  depicted  by  a  line  at  5.6  keV,  lying  between  the 
els.  An  important  feature  of  this  data  revealed  in  Figs.  3  and  U  is 
r.sity  at  6  k-'-V  ;s  larger  relative  to  that  at  4  keV  when  the  1.06  uiii 
pattern  persists  for  the  other  four  shoes  not  shown.  This  is 

crease  in  the  recombination  edge  discontinuity  at  5.6  keV  due  to  the 
i.nel  ike  silver.  .At  energies  above  the  5.6  keV  edge,  the  bulk  of  the 
arises  from  electron  recombination  onto  the  ground  state  of 
form  neonlike  silver.  Therefore,  the  more  fluorinelike  silver,  the 
on  the  high  energy  side  of  the  edge.  Thus  the  continuum  data  provide 

f  the  high  resolution  x-ray  spectra  as  to  the  increased  abundance  of 

The  presence  of  the  1.06  urn  GDL  beam. 

C  ar.d  '3-6  keV  are  free  of  overlap  by  lines  or  ionization  edges, 
f  these  intensities  may  be  used  t c  obtain  an  approximate  t  i te¬ 
mperature  To  using  an  exponential  fit  to  the  intensity  decrement.  If 
f -? /7p ) 'exp( -1 3-6/7*) ,  then 
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both  1(6)  and  1(13.6),  the  uncertainty  in  their  ratio  R  is  V"5 
ing  tc  Eq.  (1),  the  temperature  is  logar i thm i cal ly  dependent 
1  uncertainty  in  Te  is  obtained  as  (28?)  ( R/Te )  dTe/dR 
,  R  =  5 5 ,  typical  of  these  shots.  In  Table  1  the  derived 
h  of  the  six  shots.  No  correlation  of  Te  with  use  of  the  1.06 
the  standard  deviation  of  the  six  temperatures  is  0.07  ke V , 
7%  uncertainty  derived  above. 

obtained  with  the  SPEAXS  streaked  el  1  i  pi.  i  ca  1  ly  curved  mica 
nstrument  spectrally  integrated  the  radiation  in  a  band  from 
y  peak  in  This  spectral  band  coincides  in  time  w  i  “  h  the  peak 
er .  Since  the  density  in  cxplcding-foil  plasmas  declines 
e  coincidence  of  these  peaks  strongly  suggest.-  that  the 
lightly  after  the  driving  laser  pulse  peak,  eon" irming  the 
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except  the  data  is  for  shot  5  which  employed  the  1.06  ym  pulse  as 


9.  Interpretation  of  the  Experiments 

As  described  above,  for  three  of  the  seven  target  shots,  lines  from  fluorinelike  silver 
were  identified.  These  three  shots  differed  from  the  other  four  only  in  that  a 
supplementary  1.06  pm,  100  ps  beam  was  superimposed  on  the  principal  driving  0.35  ym,  650 
ps  laser  pulse.  We  now  consider  possible  mechanisms  which  could  produce  this  correlation. 

Ir.  these  exploding-foil  plasmas,  photoionization  of  neonlike  silver  is  negligible, 
since  m  line  radiation  and  comparatively  little  continuum  radiation  lies  above  the  5.6  keV 
threshold.  The  ionization  balance  between  the  neonlike  and  fluorinelike  stages  is 
dominated  by  electron  collisional  ionization  of  the  ground  state  of  neonlike  silver 
iW^i(Te;)  and  dielectronic  recombination  onto  fluorinelike  silver  (WpR(Te))  to  form  the 
neonlike  stage.  Chen^O  has  tabulated  dielectronic  recombination  rate  coefficients  for 
fijorinelike  silver  vs.  electron  temperature,  showing  that  the  total  rate  is  fairly  flat 
with,  temperature,  declining  from  3-OxlO'11  cm3  sec"1  at  1.5  keV  to  2.6x10-11  cm"3  sec'1  at 
2.0  keV,  assuming  statistical  population  of  the  2Pi/2  3/2  fluorinelike  ground  sublevels. 
The  characteristic  equ i 1 i bra t i on  time  between  the  neoniike  and  fluorinelike  stages  is  ( Ne 
W  p  o  '  T )  1  ~ 1  -  (SxlO^1  x  3-OxlO'11)'1  =  17  ps  .  Therefore,  a  col  1  i  s  ional -radiat  i  ve 

equilibrium  ,'CRE)  model  should  provide  a  reasonable  guide  to  the  ionization  balance  as  a 
function  of  temperature. 

It  is  c.ear  that  use  of  the  1.06  ym  beam  produces  more  electrons  with  energies  above 

r.con iik;  ionization  potential  of  5.6  keV,  resulting  in  a  greater  abundance  of 
fluor  i  nel  i  ke  silver.  The  principal  question  is  whether  the  1.06  ym  laser  has  simply  heated 
th»  electrons  to  a  higher-temperature  Maxwellian  or  are  suprathermal  electrons  (at 
considerably  higher  energies)  responsible  for  the  observed  effect.  We  first  consider  the 
possibility  that  purely  thermal  heating  is  responsible.  Since  the  dielectronic 
recombination  rate  varies  slowly  with  temperature  near  Te=1.9  keV,  the  temperature 
dependence  >f  the  fluorinelike  abundance  is  principally  determined  by  the  temperature 
dependence  of  collisional  ionization  of  the  neonlike  stage.  The  2p-3d  f 1 uor inel i ke- to- 
nooniike  line  ratio  increases  by  at  least  a  factor  of  3,  therefore,  a  similar  increase  in 
the  f 1 uor i re  1  i ke  abundance  is  strongly  suggested,  since  these  lines  arise  from  collisional 
excitation  ;f  their  respective  ground  states.  Therefore  a  threefold  increase  in  the 
thermal  col.isional  ionization  rate  of  neonlike  silver  would  be  required  to  produce  this 
effect.  The  factor  of  3  necessitates  a  time-averaged  temperature  increase  from  I.1!  to  1.9 
keV,  as  demonstrated,  for  example,  by  the  Lotz  ionization  rate  formula31.  This  expectation 
is  confirmed  by  the  CRE  calculations  presented  in  Fig.  6,  showing  that  the  observed  line 
ratio  for  tie  GDL  shots  is  reproduced  at  Te=1.9  keV.  However,  such  a  temperature  increase 
from  1.9  ke-;  appears  to  be  ruled  out  by  the  broadband  continuum  data  (Table  1)  at  8.0  and 
13.0  keV.  \s  discussed  in  the  previous  section,  the  uncertainty  of  28?  in  the  spectral 
intensity  r  itio  in  these  channels  translates  to  only  a  7?  uncertainty  in  the  temperature. 
Even  doubling  this  estimated  uncertainty  to  15?  allows  a  temperature  increase  to  only  1.6 
•:>■'!,  which  would  produce  just  one-third  of  the  observed  extra  ionization. 


F  TO  NE  LIKE  2^3d  LINE  RATIO 


:  :  t'r  iMri’  increase  is  considered  on  a  time-resolved  basis, 

2;::  the  ’00  ps  GDI.  pulse  peak  coincided  with  the  maximum  of 

ir.y  *  horn:  a!  electron  temperature  increase  caused  by  the  1.06  pm 
r  '  r.-  after  half  of  the  OMEGA  pulse.  Therefore,  the  required 
•  ring  this  half  of  the  plasma's  existence  would  be  approximately 
•h  ionization  occurred  throughout  the  lifetime  of  the  plasma.  This 
:  *  h.e  r~.  a  1  ■  li.ct.ron  temperature  of  2.2  keV  during  the  half  influenced 
h<  r.it  ;c  of  the  intensity  at  13-6  keV  to  that  at  8.0  keV  is  a  factor 
t  • -npfi.tr.  at  2.2  keV  than  for  1  .  A  keV.  The  time- integrated 
.’  c-'ist  i  factor  two  which  is  well  above  the  -28%  uncertainty  in 

rv-  .1  constancy  of  the  continuum  slope  in  the  8.0-1  3.6  keV  spectral 
’he  l . u6  pm  supplementary  beam,  appears  to  rule  out  the  possibility 
hr  thermal  electron  temperature  is  responsible  for  most  of  the 
on .  We  now  consider  the  plausibility  of  suprathermal  electrons  as 

onorry  covered  by  tile  broadband  data  is  13-6  keV.  Since  the  photons 
n  from  f 1  tor i no - 1 o - neonl i ke  silver  are  responsible  for  most  of  this 
Ij.o  -c-V  is  created  by  an  8  keV  electron  falling  through  the  5.6  keV 
neor.i  ike.  silver.  Therefore,  suprathermal  electrons  with  energies 
iireet ly  detected.  However,  the  observed  increased  ionization 
f  It. crease  of  the  thermal  electron  temperature  can  provide  a  strong 
:  presence ,  provided  the  required  numbers  and  energy  3rc  in 

p r  •  v i : u s  i n v os tigations. 

rvvd  threefold  increase  in  fluorinelike  silver,  the  collisional 
ml  ike  silver  must  also  increase  by  a  factor  of  three.  For  hot 
ke7,  the  collisional  ionization  rate  coefficient  increases 
,  for  example,  from  1  .  6x  1 0"  1  1  cm3  sec-1  at  10  keV  to  2 . 2x 1  O'1  1  cm -5 
'  j  keV  rate  coefficient  exceeds  that  at  the  diagnosed  thermal 
by  a  factor  of  50.  Therefore,  a  H%  population  (by  number)  of  10  keV 
lie  th-'  required  threefold  increase  in  the  ionization  rate.  This 
d  by  the  CRE  calculation  of  Fig.  5,  showing  that  a  10  keV 
ractior,  of  « .8®  coupled  with  a  thermal  electron  temperature  of  1  . 
erve.i  time-integrated  fluorine- to -neonl  ike  line  ratio.  The  total 
the  silver  plasma  is  calculable  from  the  known  mass  of  the  target, 
at  ion.  A  it . 8%  population  of  10  keV  suprathermals  represents  2.3  2; 
porature  is  20  xeV,  3-3  J  of  fast  electron  energy  would  be  required. 

of  the  22  J  of  1.06  urn  energy  incident  on  the  target  is  required  to 
ermai  electrons.  This  is  consistent  with  previous  investigations  of 
3 • 1 u , 1 y  and  supports  the  picture  of  ionization  by  suprathermal 
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n 1  ratio  of  the  f luorinul iko-to-neonl ike  silver  2p-3d  lines  as 
5  plotted  vs.  10  keV  suprathermal  electron  fraction,  (lower  scale), 
■'.•loot  ron  temperature  of  1  .  *4  keV  and  density  2x  1  0*-1  cm  ~  3  .  Also 
rat  io  vs.  temperature  (upper  scale)  assuming  no  suprathermal 
gen “rated  assuming  col  1 isional -rad i at i ve  equilibrium  using  an 
isologous  to  that,  for  iron  described  in  Ref.  16. 


69 


Suprathermal  electrons  which  are  sufficiently  energetic  to  ionize  neonlike  silver  will 
alsc  pump  its  3P  levels.  The  cross  sections  for  electron  collisional  ionization  and 
exeitation3-  are  comparable,  about  1-3  x  1  0~  2 1  cm2 .  Direct  proof  of  the  enhanced 
populations  of  the  neonl i ke  3p  levels  is  found  in  the  x-ray  spectra  of  Fig.  2.  The  3P  -2p 
electric  quadrupole  transitions  labelled  E2  are  optically  thin  and  their  intensities 
therefore  directly  reflect  the  populations  of  the  neonlike  3p  levels.  They  have  been 
previously  observed  elsewhere®?-"^.  The  intensity  increase  of  the  2p6  1  So  -  2p5  3p  (3/2, 
3  2 ) g  line  at  3-863  2,  shown  in  the  top  spectrum  of  Fig.  2,  is  at  least  a  factor  of  2.3 
when  the  1.06  urn  beam  is  used.  This  3p  upper  level  is  the  analogue  of  the  upper  lasing 
level  in  neonlike  selenium  which  successfully  produced  gain1?’1®  at  206  %.  This 
enhancement  of  the  quadrupole  line  intensity  is  strong  evidence  for  the. feasibility  of  gain 
enhancement  using  lasers  of  wavelength  2  1.06  urn.  The  C RE  calculation ' 5  indicates  that  at 
the  laser  pulse  peak,  the  gain  in  the  99.6  %  2p®3p  (3/2,  3/2)2  -  2p53s  (3/2,  1/2)]  line 
would  be  0.3  cm"'  in  the  absence  of  the  1.06  pm  GDL  beam.  With  the  beam  present  the 
predicted  gain  increases  tc  -1  cm" 1 ,  in  accord  with  the  observed  increase  in  the  upper 
level  population. 


5.  Conclusions  and  Future  Prospects 

We  have  presented  evidence  that  suprathermal  electrons  produced  in  exploding  foil 
targets  with  two-wavelength  laser  irradiation  can  pump  neonlike  silver.  Enhancement  of  the 
2p53p  (3/2,  3/2)2  potential  upper  lasing  level  of  neonlike  silver  by  a  factor  of  at  least 
2.3  has  been  observed  only  when  1.06  pm  radiation  is  present.  Ionization  of  neonlike 
silver  to  the  fluorinelike  stage  has  also  been  observed  only  when  irradiation  in  the  m id  - 
101"1  W  cm--  range  at  both  0.35  um  and  1 . 0 6  pm  was  used.  Broadband  continuum  data  indicated 
little  or  no  increase  in  the  thermal  electron  temperature  in  the  presence  of  the  1.06  pm 
GDL  beam.  Spectroscopic  analysis  determined  that  conversion  of  1 0-1 5 %  of  the  1 . 0 6  pm  beam 
energy  to  suprathermal  electrons  would  produce  the  observed  enhancements  in  excitation  and 
ionization.  Predicted  gain  in  the  J  =  2  to  1  3P  to  3s  neonlike  silver  transition  at  99.6  S 
is  C.3  cm'1  without  the  GDL  beam  and  1.0  cm-1  in  the  presence  of  the  1.06  pm  radiation. 
These  positive  initial  results  suggest  that  line  focus  experiments  using  linear  foil 
targets  with  the  same  thicknesses  of  silver  (3000  ft)  and  formvar  (1600  ft)  would  have  a 
reasonable  prospect  of  demonstrating  gain,  when  both  3too  and  “o  beams  arc  employed  at 
similar  irradiances.  This  approach  would  constitute  the  most  straightforward  and  lowest 
risk  follow-up  to  the  present  results.  However,  the  exacting  requirements  of 

synchronization  and  superposition  of  line-focused  beams  of  different  wavelength  may  render 
such  experiments  unfeasible  at  many  laboratories.  We  therefore  consider  alternative 
experimental  approaches  based  on  the  same  principle  of  hot  electron  pumping. 

Long  mean  free  paths  are  a  well-known  and  critically  important  characteristic  of 
suprathermal  electrons  in  laser-produced  plasmas.  Their  ability  to  penetrate  to  the  core 
of  laser-driven  pellet  targets  led  to  the  fuel  preheat  problem  which  necessitated  their 
reduction  for  further  progress  in  the  laser  fusion  program.  The  mean  free  path  d(pm)  of  an 
electron  of  energy  E  (in  units  of  10  keV),  in  a  plasma  of  ion  density  Ni(cm”3),  charge  Z, 
and  electron -ion  Coulomb  logarithm  Aej  is 

d(Mm)  -  14^-10-25  (2) 

Z  NI  *ei 

In  Eq .  (21  the  mean  free  path  is  defined  as  the  distance  travelled  prior  to  an  RMS 
deflection  of  90°  from  the  initial  direction.  Convenient  approximations  for  the  Coulomb 
logarithm  have  been  given  by  Book. 33  For  the  plasmas  created  in  the  Rochester  experiments, 
Ml  -  5.3xi011/  cm"3,  Z=36,  Aej  -  8.5,  therefore,  at  the  highest  central  foil  densities  d=70 
urn  for  a  15  keV  electron.  Ref.  33  also  provides  useful  expressions  for  calculating  the 
energy  loss  rate  of  the  suprathermals ;  this  is  dominated  by  electron-electron  collisions 
whereas  bending  is  dominated  by  electron-ion  collisions  and/or  ambient  fields.  For 
conditions  typical  of  the  above-described  experiments,  it  is  found  that  suprathermals  in 
the  10-20  keV  range  require  -  20  ps  for  thermal  equilibration  at  midpulse  at  the  maximum 
electron  density.  A  15  keV  electron  travels  1.5x103  pm  in  20  ps ,  enabling  about  -  20 
reflexive  traversals  of  the  foil  plasma  before  equilibration.  The  spatial  density  history 
of  the  suprathermals  depends  significantly  on  the  presence  and  strength  of  ambient  B-fields 
induced  by  return  currentsS11  which  can  be  drawn  by  the  charge  separation  as  suprathermals 
leave  their  area  of  origin  near  the  critical  surface. 

This  lack  of  spatial  localization  of  a  suprathermal  electron  population  could 
conceivably  be  exploited  in  experiments  somewhat  different  from  those  described  above.  To 
obtain  lasing  always  requires  a  line  focused  beam.  However,  the  beam  which  produced  the 
suprathermal  electrons  need  not  be  line  focused  and  need  not  be  spatially  coincident.  A 
h i gh - i ntens i ty  spot  focus  adjacent  to  the  linear  focus  could  be  used  to  efficiently  create 
a  suprathermal  electron  population  which  would  spray  into,  and  reflex  through,  the  nearly 
linear,  exploding-foil  lasing  plasma.  Intensities  well  above  1 0 1 5  w  cm""1-'  can  be  achieved 
with  spot  focusing;  at  such  intensities  suprathermal  electrons  can  be  produced  ever,  at 
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lengths  shorter  than  1.06  urn.  Mechanisms  other  than  resonance  absorption  may  also  be 
ct i ve  at  those  high  intensities;  two  such  processes35  are  two-plasmon  decay  and 
elite!  Raman  scattering.  An  advantage  of  the  latter  mechanism  is  that  the  observation 
cohered  ph.oton.s36  nay  provide  direct  confirmation  of  the  presence  of  the  plasma  waves 

onsiblo  for  suprat  hernial  electron  generation. 
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Modeling  the  Radiation  Hydrodynamics  of  Pulsed  Power  Driven  X-Ray  Lasers 
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ABSTRACT 


Novel  X-ray  laser  experiments  involving  hydrogenlike  neon  and  lithiumlike  aluminum  were 
performed  on  the  DNA/PITHON  pulsed  power  generator,  and  the  results  were  tantalizing,  but 
difficult  to  interpret.  In  order  to  understand  the  experiment,  a  series  of  computer 
simulations  have  been  carried  out  with  a  detailed  non-LTE  radiation  hydrodynamics  model. 
A  typical  experiment  involves  the  discharge  of  hundreds  of  kilojoules  of  electrical  energy 
through  a  cylindrical  neon  gas  puff,  heating  it  and  imploding  it  radially  at  speeds  of 
about  3-5  x  10?  cm/sec;  the  gas  puff  impinges  and  stagnates  onto  a  thin  aluminum  coated 
capillary,  converting  the  kinetic  energy  of  implosion  into  thermal  energy.  Rapid  plasma 
heating  in  the  stagnation  region  results  in  ionization  of  the  aluminum  to  the  K-shell  and 
partial  stripping  of  the  neon.  In  addition,  K-shell  radiation  from  both  the  aluminum  and 
the  neon  can  produce  strong  photopumping  and  enhanced  ionization  in  adjacent  plasma.  The 
hot,  dense  plasma  in  the  stagnation  region  can  undergo  rapid  radiative  cooling  and 
recombination;  sufficiently  rapid  three-body  recombination  into  n=4  levels  of  Ne  X  and 
A1  XI  can  result  in  population  inversions  for  possible  lasing  in  4  to  3  transitions.  In 
fact,  anomalous  brightness  was  initially  reported  in  the  kf~3d  and  kd~3p  lines  of  A1  XI  and 
the  4- 3  line  of  Ne  X;  however,  opacity  considerations  made  interpretation  of  the  aluminum 
results  difficult.  In  the  numerical  modeling  of  the  experiment,  emphasis  was  placed  on 
understanding  the  dynamics  of  the  target  and  on  the  role  of  optical  pumping  in  producing 
conditions  favorable  for  population  inversion. 


1 .  INTRODUCTION 

There  is  considerable  optimism  that  conditions  favorable  for  X-ray  lasing  can  be 
achieved  in  pulsed-power  driven  Z-pinch  plasmas.  Advances  in  puff-gas  technology,  in  the 
fabrication  of  structured  targets,  and  in  the  theoretical  understanding  of  pulsed  power 
load  dynamics  have  been  reported  bv  Physics  International,  Sandia  National  Laboratory  and 
the  Naval  Research  Laboratory  (NRL)'.  Although  soft  X-ray  lasing  has  been  demonstrated  in 
laser-produced  plasmas,  the  efficiencies  which  are  attainable  by  this  method  are  low.  X- 
ray  lasing  in  pulsed-power  produced  plasmas  can  be  substantially  more  efficient;  however, 
pulsed-power  plasmas  have  a  tendency  to  become  unstable.  The  "hot-spots"  and  other 
nonuniformities  commonly  observed  in  pulsed-power  Z-pinches  with  single  gas  puffs  or  wire- 
arrays  are  incompatible  with  the  stable,  uniform  gain  medium  required  for  an  X-ray  laser. 
Recent  experiments  with  concentric  gas  puffs  and  with  gas  puffs  imploding  onto  low  density 
foam  plasmas  or  solid  density  targets  have  shown  that  stable,  uniform  plasmas  can  be 
produced  with  the  pulsed-power  technology.  In  these  experiments,  the  outer  plasma,  usually 
a  gas  puff,  is  imploded  onto  the  inner  plasma,  producing  a  stagnation;  the  uniformity  of 
the  resulting  plasma  is  a  consequence  of  the  uniformity  of  the  inner  target  plasma. 

Experiments  at  NRL  have  proceeded  on  the  sodium/neon  line  coincidence  photopumping 
configuration.  Preliminary  results2  indicate  that  resonance  fluorescence  has  been  produced 
in  the  pumped  transitions.  At  Sandia,  experiments  have  been  carried  out  with  inert-gas 
puffs  imploding  onto  structured  targets2.  These  targets  are  thin  CH  capillaries  coated 
with  a  low-Z  element  (such  as  aluminum)  on  the  outside  and  a  high-Z  lasant  material  on  the 
inside.  Physics  International  has  studied  neonlike  krypton  lasers  using  double-puff 
krypton  Z-pinches1*.  Computer  simulations  of  the  PI  krypton  experiment 5  suggest  that 
substantial  gains  can  be  achieved  for  times  of  several  nanoseconds  over  axial  distances  of 
about  2  cm.  However  the  radial  extent  of  the  calculated  gain  region  is  only  of  the  order 
of  0.01  cm . 

Physics  International  has  also  reported^  on  time-resolved  measurements  of  XUV  emissions 
from  recombining  neon  and  aluminum  plasmas.  Using  the  DNA/PITHON  generator,  neon  gas  puffs 
were  imploded  onto  aluminum  coated  parylene  capillaries  (or  onto  equivalent  mass  solid 
aluminum  targets).  The  implosion  heated  the  A1  to  form  an  axial  plasma  which  was  estimated 
to  have  an  electron  density  of  ~  10^0  Cm~3  and  a  temperature  of  ~  500  eV.  Evidence  was 
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r  anomalous  brightness  in  the  *lc!-3p  and  Hf -3d  lines  of  A1  XI  at  150.5  and  154.5 
e  - }  line  of  Me  X  at  ’87.3  When  compared  with  various  n  «  3-2  and  n  *  4-2 

XI  and  Me  X,  the  intensities  in  these  lines  suggested  population  inversion  and 

y  fed  by  recombination.  Three-body  recombination  rates  can  be  very  high  at  low 

;  if  the  plasma  cools  rapidly  due  to  expansion  or  radiative  loss,  recombination 

e  levels  oar,  set  up  inversions  for  possible  lasing  in  4  to  3  transitions. 

:  spectra  from  3  and  5  cm  long,  neon/aluminum  Z-pinches  were  compared;  the  A1 
su:  i.ned  to  the  innermost  mm  or  so  in  radius,  while  the  Ne  emissions  extended 
y  further  cut  .  The  4f -3d  and  4d-3p  lines  of  A1  XI  were  seen  to  be  brighter 

1?  line  at  48.2  i.  and  the  4d-2p  line  at  39.2  X,  even  though  the  latter  line  was 

he  grating,  detector  and  film  response.  The  intensities  of  the  4-3  lines 
t  ho  Tj-lp  line  were  significantly  higher  for  the  5  cm  pinch;  however  the 
cx ground  and  the  nonlasing  lines  also  appear  brighter.  An  alternative 
for  these  aluminum  anomalies  is  opacity  in  the  4-2  transitions;  this  will  be 
urt  i'.or  below.  In  addition,  the  Ne  X  4-3  line  appeared  to  be  anomalously  bright 
h  the  4-2  line  at  48.55  8.  However,  this  latter  line  was  not  resolved  from  the 
resonance  line  at  48.3  8.  A  possible  contribution  to  the  pumping  of  the  n  =  4 

thi  izl ike  aluminum  is  K-shell  neon  line  radiation.  The  Lyman-alpha  and  He- 

cf  Kc  are  capable  of  photoionizing  Li-like  A1 ;  under  the  right  conditions,  this 
ion  oar.  substantially  exceed  eollisional  ionization  and  result  in  enhanced 
:?  the  r  =  4  levels  of  A1  XI.  In  a  similar  way,  it  is  possible  for  aluminum 
photo: onize  H-like  Ne. 


2.  MODEL  DESCRIPTION 

We  studied  these  mechanisms  with  a  radiation-hydrodynamics  model  that  is  described 
elsewhere •  •  -  .  Tn-  complexity  of  the  atomic  models  for  neon  and  aluminum  can  be  adjusted, 
depending  upon  the  requirements  for  detail  in  the  calculation.  The  atomic  models  for  neon 
wh i  :h  were  used  in  this  study  ranged  from  27  levels  with  13  lines  (reduced  model)  to  over 
i 2  levels  with  about  800  lines  (detailed  model);  the  aluminum  models  were  comparable  in 
s’upo.  The  rate  Coefficients  that  are  used  to  calculate  the  level  populations  were 
obtained  using  atomic  calculations!  methods  summarized  elsewhere®. 

Radiation  omission  from  and  absorption  by  a  plasma  are  dependent  on  the  local  atomic 
level  popular  I  :r.  densities.  Except  for  optically  thin  plasmas,  the  level  populations 
d-pen:  or,  the  radiation  field,  since  optical  pumping  via  photoionization  and 

photoex  -itation  can  produce  significant  population  red i s t ri ou t ion .  Thus,  the  ionization 

radiation  transport  processes  are  strongly  coupled  and  must  be  solved  self- 
can  s i st ent 1 y .  Both  probabilistic  and  mult i frequency  multimaterial  radiation  transport 
algorithms  were  employed  in  this  study.  The  probabilistic  method  forms  local  angle  and 
frequency  averaged  escape  probabilities  for  each  emission  line  and  for  each  bound-free 
process.  It  is  a  cost  effective  method  and  provides  good  overall  energetics,  but  it  cannot 
treat  certain  physical  processes  such  as  the  photoionization  or  photoexcitation  of  one 
atomic  species  by  another.  The  mu  1 1 i frequency  model  breaks  each  emission  line  and  each 
bound -free  edge  into  a  number  of  discrete  frequencies,  and  performs  a  radiation  transport 
calculation  at  each  frequency.  The  latter  method  is  general  and  self-consistent,  but 
relatively  expensive.  Both  methods  take  into  account  Doppler  and  Voigt  line  profiles  in 

the  transport  of  bound-bound  radiation. 

Reduced  atomic  models  for  neon  and  aluminum  were  normally  employed  in  the  probabilistic 
simulations.  Corresponding  calculations  with  detailed  models  were  performed  in  selected 

cases  to  verify  accurate  overall  radiation  energetics.  In  the  cases  studied,  both  the 
radiation  dynamics  and  the  hydrodynamic  evolution  of  the  plasmas  were  in  good  overall 
agreement.  The  models  used  in  the  multifrequency  simulations  were  enhanced  versions  of  the 
reduced  models  (with  additional  lines  transported)  or  modified  versions  of  the  detailed 
models  (with  all  of  the  atomic  levels  included,  but  with  certain  lines  not  transported). 

3-  RESULTS  OF  SIMULATIONS 


3.1  Stagnation  Calculations 


A  number  of  numerical  simulations  were  performed  with  the  radiation  hydrodynamics 
model  to  determine  the  sensitivity  of  the  results  to  the  initial  conditions  of  the  aluminum 
target.  It  is  possible^  that  some  of  the  total  current  initially  flows  through  the 
capillary.  It  is  difficult  to  estimate  the  temporal  behavior  of  this  current  or  how 
important  it  is  to  the  dynamics  of  the  target.  Even  in  its  absence,  there  will  be  heating 
and  ablation  of  the  outer  surface  of  the  capillary  due  to  incident  radiation  from  the 
imploding  gas  puff.  Two  extreme  assumptions  with  respect  to  the  target  can  be  made.  One 
is  that  it  remains  cold  and  solid  until  the  gas  puff  impacts  upon  it.  In  this  case, 
neglecting  radiation  arul  thermal  transport,  the  dynamics  could  be  modeled  analytically 1 0 ; 
tne  target  would  stay  cold,  and  the  gas  puff  would  become  hot  as  the  kinetic  energy  of 


73 


implosion  was  converted  into  thermal  energy.  A  strong  shock  would  propagate  out  from  the 
target  and  mark  the  outer  boundary  of  the  stagnation  region.  In  the  other  extreme,  heated 
by  some  combination  of  driver  current  and  radiation  from  the  gas  puff,  the  target  rapidly 
expands;  its  density  would  be  comparable  to  that  of  the  gas  puff  when  the  stagnation 
commences .  In  this  case,  comparable  volumes  of  gas  puff  and  target  plasmas  become  hot. 

This  series  of  simulations  neglected  the  effects  of  the  driving  magnetic  field,  but 
instead  assigned  an  initial  radial  velocity  and  temperature  profile  to  the  puff  gas  plasma. 
This  allowed  us  to  study  the  physics  of  the  imploding  plasmas  in  an  idealized  framework, 
without  the  complications  of  an  external  driver  and  coupled  circuit.  The  simulations  were 
performed  with  a  neon  gas  puff  having  an  initial  Gaussian  mass  distribution  with  a  total 
mass  of  ICC  mierograms  and  an  initial  radial  velocity  of  4  x  10?  cm/sec.  Only  the 
stagnation  phase  of  the  implosion  was  modeled  in  these  simulations;  thus,  the  gas  puff  was 
initially  centered  at  1.0  cm  (when  driven  with  a  3-field,  it  takes  several  tens  of 
nanoseconds  to  implode  to  this  radius).  The  capillary  was  taken  to  be  pure  aluminum,  and 
the  initial  density  and  temperature  profiles  were  varied  over  a  fairly  wide  range  to  model 
the  effects  of  target  preheat.  The  initial  configuration  for  these  simulations  is  shown 
schematically  in  Figure  1. 

For  the  case  where  the  target  is  initially  at  solid  density,  the  neon  puff  gas 
stagnated  and  heated  to  several  hundred  eV,  but  the  aluminum  remained  cool,  substantially 
less  than  100  eV  (in  the  absence  of  thermal  conduction  and  radiation  transport,  the 
analytic  solution  referenced  above  was  closely  approximated).  When  the  aluminum  was  taken 
to  be  moderately  preexpanded,  but  still  substantially  higher  in  density  than  the  puff  gas, 
radiation  cooling  maintained  the  aluminum  at  a  relatively  low  temperature.  Lower  initial 
densities  resulted  in  higher  temperatures.  When  these  cases  were  simulated  without 
radiative  cooling,  the  target  temperatures  were  considerably  higher  (greater  than  100  ,  v). 

The  initial  ( t  =  20  nsec)  configuration  that  resulted  in  conditions  approximating  those 
reported  by  PI  consisted  of  a  Gaussian  target  with  a  peak  ion  density  of  8  x  I0i8cm~3, 
centered  at  0.08  cm,  with  an  initial  temperature  of  30  eV.  The  time  history  of  the 
aluninum/neon  interface  is  given  in  Figure  2.  The  innermost  1.0  cm  of  plasma  is 
represented  along  the  horizontal  axis,  and  time  (20  to  50  nsec)  runs  along  the  vertical 
axis.  Corresponding  contours  of  electron  density  and  temperature  are  given  in  Figures  3 
and  4 .  The  target  electron  density  monotonically  increases,  reaching  about  2  x  1  0^ 1  crn'3  at 
50  nanoseconds;  it  also  becomes  quite  hot  (about  500  eV  on  axis)  at  about  45  nanoseconds, 
and  then  rapidly  cools  radiatively.  These  simulations  could  not  directly  model  the 
experiment,  since  no  self-consistent  magnetic  driver  was  included  in  the  model.  They  serve 
as  a  test  bed  for  the  presence  of  processes  possibly  occurring  in  the  experiment,  including 
questions  about  optical  pumping  of  one  material  by  another. 

One  possibility  is  photoionization  of  A1  XI  to  A1  XII  by  the  K-lines  of  neon,  thereby 
increasing  the  recombination  rate  into  the  n  =  4  levels  of  A1  XI.  At  a  few  tens  of  eV, 

sufficient  lithium like  aluminum  would  be  present,  but  the  collisional  ionization  rate  would 
be  relatively  small.  Thus,  the  photoionization  rate  could  exceed  the  collisional  rate  if 
the  neon  pump  source  were  sufficiently  large.  The  latter  consideration  requires  that  a 
substantial  fraction  of  the  neon  be  in  the  hydrogenlike  or  helium like  ionization  state. 
Conditions  at  43  nsec  looked  promising.  The  temperature  of  the  aluminum  was  about  36  eV 
and  there  was  a  substantial  quantity  of  neon  at  about  500  eV.  The  hydro  profiles  at  this 
time  are  shown  in  Figure  5.  These  profiles  were  post-processed  with  the  multimaterial 
mui t  i  frequency  code,  described  above.  Radiation  from  the  neon  substantially  altered  the 
ionization  state  of  the  aluminum  (there  was  considerably  more  helium like  aluminum  present 
when  photopumping  by  the  neon  was  allowed).  In  addition,  some  enhancement  in  the  4f  and  4d 
levels  of  A1  XI  was  observed.  However ,  this  enhancement  was  not  suficient  to  cause 
population  inversion.  The  emission  spectrum  as  calculated  by  the  multifrequency  code  at 
this  time  (43  nsec)  is  shown  in  Figure  6,  and  corresponding  optical  depths  as  a  function  of 
phot on  energy  are  shown  in  Figure  7.  The  4f-3d  and  4d-3p  lines  of  A1  XI  are  seen  to  be 
comparable  to,  but  not  more  energetic  than,  the  4d-2p  line.  The  corresponding  optical 
depths  for  these  lines  can  be  estimated  from  Figure  7.  Continuum  opacity  in  the  vicinity 
of  the  4f-3d  and  4d-3p  lines  is  seen  to  be  small  (mostly  free-free  opacity),  whereas  it  is 
subs t an t i a  1 1 y  greater  in  the  vicinity  of  the  4d-2p  line  (about  equally  divided  between 
bound-free  and  inner  shell  opacity).  Altnough  the  continuum  optical  depth  is  less  than 
unity  in  the  vicinity  of  the  4d-2p  line,  it  will  be  a  very  sensitive  function  of  the 
ionization  state  of  the  plasma.  The  inner-shell  opacity  (the  dashed  curve  in  Figure  7) 
"burns  out"  as  the  plasma  ionizes^;  at  this  time  the  4d-2p  line  is  situated  near  the 
threshold  for  inner-shell  burnout.  Relatively  small  changes  in  temperature  can  cause  large 
changes  in  opacity  in  this  neighborhood ,  and  this  line  could  be  substantiallv  reduced  in 
intensity.  Also,  the  optical  depths  shown  in  Figure  7  are  for  radial  photon  paths;  the 
anomalous  brightness  measurements  were  taken  along  the  z-axis.  For  these  measurements  the 
opacity  effects  can  be  considerably  higher.  This  is  one  of  the  factors  which  complicates 
interpretation  of  the  experimental  spectra  difficult. 
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3 ■ 2  Implosion  Calculation 


is  latent  simulation  was  performed  with  the  multimaterial  probabilistic 
i  a  s  model.  In  this  case,  the  implosion  was  driven  by  a  magnetic  field. 
:ed  to  be  solid  density  at  about  0.5  eV  initially,  with  a  narrow  density 
i ee  of  the  very  small  amount  of  current  which  was  assumed  to  flow 
',e  outer  surface  of  the  capillary.  The  neon  gas  puff  was  assumed  to  be 
V:  .1.0  cm,  with  a  total  mass  of  100  micrograms.  The  current  was 
early  over  about  70  nanoseconds  to  3  megamperes,  and  then  fall  off  as  a 
nanosecond  timescale.  ft  time  history  of  the  aluminum/neon  interface  is 
md  contours  of  electron  density  and  temperature  are  given  in  Figures  9 
jst  1.0  cm  of  plasma  is  represented  along  the  horizontal  axis,  and  time 
=  along  the  vertical  axis.  The  aluminum  is  seen  to  expand  until  about 
s i t y  blowoff  develops,  and  stagnation  with  the  bulk  of  the  gas  puff 
70  nsec,  producing  aluminum  and  neon  temperatures  in  excess  of  500  eV. 
the  aluminum  in  the  blowoff  is  low,  and  the  blowoff  density  is 
11,  substantially  less  than  for  the  case  described  above.  However,  the 
:hod  to  the  density  of  the  incoming  puff  gas  in  the  sense  that  the 
aluminum  blowoff  and  the  puff  gas  should  be  comparable  at  the  onset  of 
tserved  in  the  simulation.  It  should  be  noted  that  the  simulations 
;vious  section  correspond  to  the  stagnation  phase  (the  final  20  or  30 
.  at i on  . 

tr  the  photopumping  of  lithium-like  aluminum  by  the  K-lines  of  neon 
.  vo Ly  small.  From  90  to  about  120  nsec,  a  region  of  cool  (a  few  tens  of 
:  s ,  but  it  is  rarefied  (the  electron  density  is  about  101®  to  1 01 9cm_  3  )  . 
.ly  less  ft!  XI  in  this  shell  than  in  the  case  studied  above,  and  there 
'.  to  do  the  pumping.  Furthermore,  there  does  not  appear  to  be  a 
■i-shell  aluminum  source  to  produce  significant  photopumping  of  the 
i  which  may  be  important  is  recombination  into  the  n  =  4  levels  of  A1  XI 
■ipid  cooling  of  the  plasma  in  the  post-stagnation  phase.  However 
:e  sufficiently  fast  or  the  plasma  will  remain  in  collisional  radiative 
and  no  population  inversion  will  result.  For  example,  100  eV  aluminum 
of  7  x  i C 1 9 cm'3  would  have  to  cool  in  less  than  about  0.3  nsec  in  order 
7  P.  is .  At  higher  temperatures  (and  lower  densities)  the  characteristic 

Tic  attempt  was  made  in  the  present  study  to  address  the  question  of 
?  post -stagnation  phase,  and  it  cannot  be  ruled  out  that  this  mechanism 
Producing  the  enhanced  brightness  in  the  4-3  transitions  reported  by 
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Multiphoton  Double  Ionization  of  Ba 
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We  luxe  used  wavelengths  of  -SO  nm-710  nm  to  produce 
li.i"  from  B.i  b\  multiphoton  ionization.  All  strong  observed  reso¬ 
nance''  in  the  Ba++  production  are  Ba+  multiphoton  transitions,  in¬ 
dicating  that  Ba++  is  produced  by  sequential  ionization  of  Ba  via 
B 

In  recent  experiments  high  intensity  lasers  have  been  used 
to  effect  multiphoton  multiple  ionization  in  a  variety  of  atomic  sys¬ 
tems.  t-2  Specifically,  ions  as  highly  charged  as  U10+  have  been 
produced  in  this  fashion3.  Experiments  in  which  high  stages  of 
ionization  have  been  reached  have  been  done  at  a  few  fixed  wave¬ 
lengths,  193  nm,  248  nm.  532  nm  and  1.06  pm,  corresponding  to 
eximer  laser  wavelengths  and  the  Nd:YAG  laser  fundamental  and 
second  harmonic  wavelengths.  Unfortunately,  it  is  not  exactly  clear 
how  multiple  ionization  occurs.  The  two  extreme  possibilities  are 
that  the  electrons  are  removed  simultaneously  or  sequentially.  Let 
us  consider  for  a  moment  the  simplest  case,  double  ionization,  as  an 
illustration.  The  two  extreme  possibilities  are  shown  schematically 
in  Fig.  1  for  the  specific  case  of  Ba  which  we  consider  here. 

Which  of  these  processes  actually  occurs  is  a  rather  fundamental 
question  which  has  practical  implications.  For  example,  if  the  exci¬ 
tation  is  simultaneous,  through  virtual  intermediate  multiply  excited 
states  of  the  neutral  atom,  the  probability  of  generating  ions  in 
excited  states  is  likely  to  be  higher,  and  this  is  clearly  of  interest 
for  short  wavelength  laser  development. 
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Figure  I  -  Energy  level  diagram  of  Ba  and  Ba+  showing  (1)  direct 
ionization  and  (2)  sequential  ionization 

The  problem  of  multiphoton  multiple  ionization  has  been 
addressed  theoretically  by  several  groups. 4"6  Using  an  essentially 
hydrogenic  model,  Lambropoulos4  has  concluded  that  the  existing 
experimental  data  can  all  be  explained  by  sequential  removal  of  the 
electrons  from  the  atom.  As  the  intensity  of  the  laser  pulse  rises, 
successive  stages  of  ionization  are  reached  in  which  the  remaining 
electrons  are  bound  by  increasingly  strong  fields,  so  that  each  suc¬ 
cessive  multiphoton  ionization  process  occurs  in  the  perturbative 
regime.  At  the  other  extreme  Boyer  and  Rhodes5  have  suggested 
that  the  ionization  is  produced  via  a  collective  oscillation  of  an 
entire  shell  of  electrons  which  is  driven  by  the  intense  field  of  (he 
laser. 

Experimentally,  it  is  difficult  to  make  measurements  wuh 
fixed  frequency  lasers  that  unambiguously  show  whether  multiple 
ionization  occurs  by  a  sequential  or  simultaneous  process.  The  only 
variables  are  the  laser  intensity  and  the  pulse  length,  and  of  these 
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the  intensity  is  substantially  easier  to  vary  in  a  controlled  way.  As 
a  result,  a  classic  approach  has  been  to  measure  n,  the  order  of 
nonlinearity7.  In  the  perturbation  theory  regime,  a  process  requir¬ 
ing  the  absorption  of  n  photons  exhibits  a  dependence  on  laser  in¬ 
tensity  I  of  In.  A  direct  multiple  ionization  process,  requiring  the 
absorption  of  -100  photons,  can  be  expected  to  exhibit  a  higher 
order  of  nonlinearity  than  sequentially  removing  the  electrons, 
which  is  a  sequence  of  lower  order  processes.  In  practice,  there  are 
two  problems  associated  with  measuring  large  orders  of  nonlinear¬ 
ity.  First,  a  large  dynamic  range  is  required  of  the  experiment, 
which  must  fall  in  the  regime  described  by  perturbation  theory. 
Second,  in  such  experiments  the  inherent  spatial  and  temporal  in¬ 
tensity  variation  of  the  strength  of  the  focused  laser  field  may  dis¬ 
tort  any  measurement  of  the  order  of  nonlinearity.  As  an  example 
of  the  difficulty,  we  note  that  the  multiphoton  ionization  of  Xe  by 
C02  laser  radiation,  which  requires  the  absorption  of  roughly  100 
photons,  does  not  exhibit  an  I100  dependence,  but  rather  something 
closer  to  an  I10  dependence  8 

A  second  approach  to  understanding  multiphoton  multiple 
ionization  is  to  examine  the  ejected  electrons.  By  analyzing  the 
energies  and  angular  distributions  of  the  ejected  electrons  it  is  pos¬ 
sible  to  gain  some  insight  into  how  multiple  ionization  occurs.  The 
primary  focus  has  been  on  the  energy  spectra  of  the  ejected  elec¬ 
trons,  which  in  principle  gives  unambiguous  results.  In  practice  the 
electron  energy  spectra  are  complex,  due  to  the  many  available 
states  of  the  resulting  ions  and  the  possibility  of  above  threshold 
ionization  (ATI).9  Nonetheless,  Johann  et  al10  have  examined  the 
electrons  ejected  from  rare  gas  atoms  upon  exposure  to  intense 
eximer  laser  radiation.  By  identifying  sequences  of  ATI  lines  they 
have  demonstrated  that  sequential  removal  of  the  electrons  occurs. 

As  an  alternative  one  can  examine  the  wavelength  depen¬ 
dence  of  multiple  ionization,  and  such  studies  have  been  begun  in 
several  systems  using  tunable  lasers.11"15  We  have  been  studying 
the  wavelength  dependence  of  double  ionization  of  Ba,  for  two  rea¬ 
sons.  First,  double  ionization  is,  in  principle,  the  simplest  case  of 
multiple  ionization,  and  the  wavelength  dependence  of  the  process, 
in  particular  resonances,  should  provide  relatively  unambiguous  in¬ 
formation  as  to  how  the  double  ionization  occurs.  Our  second 
reason  for  choosing  Ba,  in  which  the  second  ionization  limit  lies 
only  15  eV  above  the  Ba  ground  state,  is  that  double  ionization  can 
be  effected  with  the  relatively  low  optical  intensities  of  dye  lasers. 
Here,  we  report  the  results  of  a  study  of  the  wavelength  depen¬ 
dence  of  the  double  ionization  of  Ba  to  elucidate  the  double  ioniza¬ 
tion  process.  In  the  following  sections  of  the  paper  we  describe  the 
experimental  approach  and  our  results  and  the  conclusions  which 
may  be  drawn  from  them. 

II.  Experimental  Approach 

Our  approach  is  multiphoton  ionization  of  Ba  atoms  in  a 
thermal  beam  by  a  pulsed  laser  coupled  with  time  of  flight  discrim¬ 
ination  between  the  Ba+,  Ba++,  and  contaminant  ions.16  The  exper¬ 
imental  arrangement  is  shown  in  Fig.  2.  The  Ba  atoms  effuse  from 
a  resistively  heated  oven,  are  collimated,  and  pass  midway  between 
two  parallel  plates  1.2  cm  apart  where  they  are  ionized  by  the  laser. 
We  estimate  the  density  of  Ba  atoms  at  the  interaction  region  to 
be  10s  cm"3.  At  the  shortest  wavelengths  of  less  than  280  nm,  two 
photon  ionization  of  the  background  gas  produces  enormous  signals, 
so  a  liquid  nitrogen  trap  must  be  used  to  keep  the  background 
pressure  below  <10"6  torr  and  contaminant  signals  at  an  acceptable 
level. 
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Figure  2  -  Block  diagram  of  the  apparatus  showing  the  lasers  and 
the  atomic  beam  apparatus 


Approximately  100  ns  after  the  laser  pulse,  a  50  V  pulse  is 
applied  to  the  lower  plate,  driving  the  ions  through  an  aperture  in 
the  upper  plate.  Thus,  Ba+  and  Ba++  ions  leave  the  interaction 
region  with  energies  of  25  eV  and  50  eV,  respectively,  and  pass 
through  a  field-free  region  10  cm  long  before  being  accelerated 
into  a  dual  microchannel  plate  detector. 

As  shown  by  Figure  2  the  dye  lasers  are  pumped  by  a  Q 
switched  Nd:  Y AG  laser.  The  intense  pump  dye  laser  receives  most 
of  the  energy  c-f  the  Nd:YAG  laser  and  has  pulse  energies  from 
3-30  mj  depending  upon  the  wavelength.  The  probe  dye  laser, 
which  is  only  used  occasionally  to  drive  resonant  transitions  has 
typical  pulse  energies  of  1  mj.  Both  dye  lasers  have  pulse  lengths 
of  5  ns.  The  lasers  beams  are  focused  at  their  intersection  with  the 
atomic  beam  w  ith  a  10  cm  focal  length  quartz  lens.  This  leads  to 
peak  intensities  of  1010- 1 011  W/cm2. 


III.  Results 


We  have  observed  many  resonances  in  the  production  of 
Ba++  in  the  range  270-710  nm.  The  locations  of  the  resonances  are 
obtained  from  spectra  such  as  the  one  shown  in  Fig.  3.  In  Fig.  3 
there  are  three  strong  resonances  at  18755,  18822,  and  18922  cm-1 
as  well  as  what  appears  to  be  a  Rydberg  series.  The  three  reso¬ 
nances  correspond  to  the  Ba+  5d3/2  -  7sl/2,  5d^2  -  8pj/2,  and 
5d3/2  '  8P3/2  tw0  and  three  Photon  resonances  in  the  three  and 
four  photon  ionization  of  the  Ba+  5d2/2  state.  The  Rydberg  series 

is  the  four  photon  excitation  of  the  Ba+  nd  series  from  the  Ba+ 
5d3/2  state-  A  f'fth  photon  ionizes  the  Ba+  Rydberg  atoms.  Spec¬ 
tra  similar  to  the  one  shown  in  Fig.  3  have  been  recorded  over  the 
wavelength  range  270-710nm,  and  seventy  resonances  have  been 
found.16  Just  as  for  Fig.  3,  all  the  strong  resonances  are  easily 
matched  to  energy  intervals  in  Ba+17  suggesting  that  irradiation  by 
5  ns  laser  pulses  is  most  likely  to  produce  double  ionization  by  a 
sequential  process.  Since  fewer  ultraviolet  than  visible  photons  are 
required  to  produce  Ba++,  a  rather  counter  intuitive  aspect  of  our 
results  is  the  fact  that  light  at  500  nm  is  much  more  effective  in 
producing  Ba++  than  light  at  280  nm.  This  apparent  anomaly  is 
explained  when  we  examine  the  energy  level  diagrams  of  Ba  and 
Ba+.  In  both  cases  there  are  sequences  of  strong  500  nm  transitions 
from  low  lying  states  to  the  ionization  limits.  However  in  neither 
case  is  there  a  similar  sequence  of  strong  280  nm  transitions. 


Figure  3  -  Ba++  production  for  laser  frequencies  from  18700  to 
19000  cm-1  There  are  three  strong  resonances,  corresponding  to  the 
5d3/2-7s2/21,  Sdj/j-Spj/j,  and  5d3/2-8p3/2  Ba+  transitions,  and  the 
Ba+  5d3/2  -nd  four  photon  Rydberg  series 


As  we  have  pointed  out  above,  the  strong  resonances  in  the 
Ba++  production  match  the  wavelengths  of  Ba+  multiphoton  transi¬ 
tions.  We  can  check  the  assignments  by  using  the  probe  laser  to 
produce  Ba+  ions  the  specific  low  lying  states  assigned  as  the  lower 
states  of  the  Ba+  multiphoton  resonances.  When  sweeping  the  in¬ 
tense  pump  laser  Ba++  resonances  originating  from  the  chosen  Ba+ 
state  are  enhanced  and  those  originating  from  other  levels  are  dim¬ 
inished.  An  example  of  this  is  shown  in  Figure.  4,15  a  scan  of  of 
the  pump  laser  with  and  without  the  probe  laser  tuned  to  413  nm 
to  excite  the  Ba+  5dj  states,  predominantly  the  5d3/2  state.  As 
shown,  resonances  originating  from  these  Ba+  states  are  enhanced 
when  the  probe  laser  is  used,  confirming  our  assignments. 


< — 


Figure  4  -  Ba++  production  vs  pump  laser  wavelength  with  and 
without  the  probe  laser  at  4133A  to  populate  the  Ba+  5dj  levels. 
Resonances  originating  from  these  Ba+  levels  are  enhanced  by  the 
4133.4  laser 
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Just  as  the  lower  state  may  be  checked  so  can  the  upper 
state.15  At  17505  and  17584  cm"1  we  observe  five  photon  ioniza¬ 
tion  of  the  Ba+  5d32  state  via  three  photon  5d3;/2-5fs/2  and  5d 3/2 
-5f  resonances.  The  intermediate  5fj  states  are  ionized  by  the 
absorption  of  two  17,000  cm"1  photons.  Alternatively  they  can  be 
ionized  by  a  single  23,000  cm"1  photon.  If  we  set  the  pump  laser 
to  the  resonances,  attentuate  it  so  as  to  populate  the  5fj  states  but 
not  ionize  them,  and  scan  the  probe  laser  in  the  vicinity  of  23,000 
cm"1,  we  observe  the  ionization  thresholds  from  the  5T  states.  An 
example  is  shown  in  Fig.  5,  which  is  a  scan  of  the  probe  laser  with 
the  pump  laser  set  to  the  5d3/2  -  5f5;'2  resonance  at  17505  cm'1. 
The  ionization  threshold  is  manifested  as  an  increase  in  the  ioniza¬ 
tion  signal,  which  occurrs  at  23,250(8)  cm"1.  This  is  lower  than  the 
expected  limit  of  23,296  cm"1  by  50  cm"1  due  to  field  ionization  of 
high  lying  states  of  Ba+  by  the  electric  field  pulse  used  to  collect 
the  ions.  We  note  that  the  observed  ionization  threshold  for  the 
5fv  ,  state  lies  at  23,002(6)cm"1  cm'1,  below  the  expected  limit  of 
23,055  cm."1  In  addition  the  separation  between  the  two  observed 
limits.  248  cm"1,  matches  the  5fs/2  -5f7/2  fine  structure  interval  of 
241  cm'1.  It  seems  clear  that  the  5fj  states  are  indeed  the  upper 
states  of  the  resonances  at  17505  and  17584  cm"1. 
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Figure  5  -  Ba++  signal  vs.  probe  laser  wavelength  when  the  Ba+ 
5f5/2  level  is  excited  by  threee  17505  cm"1  photons.  The  increased 
signal  at  23250  cm"1  corresponds  to  the  ionization  limit  from  the 
5f5/2  state,  confirming  that  it  is  the  upper  state  of  the  resonance 


IV.  Conclusion 

In  experiments  show  rather  conclusively  that  using  long,  ns, 
pulses  produces  double  ionization  by  sequential  ionization.  Further¬ 
more  it  is  clear  that  in  any  complex  atom,  which  has  transitions  at 
many  wavelengths,  that  multiphoton  excitation  will  be  most  likely 
at  the  wavelength  most  closely  matching  the  strongest  atomic  transi¬ 
tions,  not  necessarily  at  the  shortest  wavelengths.  This  is  contrary 
to  much  of  our  intuition  about  multiphoton  processes,  perhaps 
because  it  is  founded  to  a  large  extent  on  multiphoton  ionization  of 
the  rare  gases.7 

While  ns  pulses  clearly  do  not  lead  to  direct  double  ioniza¬ 
tion,  it  is  certainly  possible  that  ps  pulses  will  product  direct  double 
ionization.  There  are  two  factors  which  favor  shorter  pulses.  First, 
direct  double  ionization  is  a  higher  order  process,  which  will  be 
enhanced  relative  to  lower  order  processes  by  the  higher  power  and 
lower  pulse  duration  of  the  ps  laser.  Second,  direct  muitiphoton 
double  ionization  must  proceed  through  autoionizing  states  of  Ba. 
Such  states  are  short  lined,  compared  to  ns  laser  pulses,  but  might 
not  seem  so  short  lived  when  compared  to  ps  pulses.  Work  is  cur¬ 
rently  in  progress  to  explore  this  issue. 
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Abstract. 

The  sodium-neon  photopumped  X-ray  laser  scheme  is  under  investigation  at  Physics  International,  on  the 
DNA/PITHON  3-TW  facility.  For  the  sodium-neon  resonant  photopumped  scheme,  DNA/PITHON  is  used  to 
implode  a  sodium-bearing  plasma,  the  pump,  and  a  secondary  capacitor  bank  will  be  used  to  drive  a  neon  gas  puff 
Z-pinch,  the  lasant.  The  characterization  of  the  pinched  sodium  plasma  is  reported  in  this  paper,  as  are  pump 
power  measurements,  which  showed  65  GW  in  the  Na  X  Is2-ls2p  !P  line  and  a  maximium  total  yield  of  2.4  kj  in 
the  best  shot.  The  behavior  of  the  yield  with  implosion  conditions  is  discussed. 


Introduction. 

The  energy  levels  for  the  sodium-neon  photopumped1  X-ray  laser  scheme  are  shown  in  Figure  1.  The  Na  X 
ls2-ls2p  !p  line  at  11.0027  A  pumps  the  Ne  IX  ls2-ls4p  !p  line  at  11.0003  A.  This  pumping  could  result  in 
inversions  in  the  4-3,  4-2  and  3-2  lines.  Apruzese  and  Davis2  predict  a  gain  on  the  4-3  line,  at  230  A,  of  1  cm’1 
when  the  sodium  and  neon  plasmas  are  4  cm  apart  and  the  sodium  plasma  radiates  200  GW  in  the  pump  line. 
This  gain  estimate  assumes  a  neon  ion  density  of  1018  cm-3. 


Na  X  (Pump) 


Ne  IX  (Lasant) 


1  S2p 


1  S4p  f 


11.0003 


t 


is2  Is2 

Figure  1.  Energy  Level  Diagram  for  the  Sodium-Neon  Photopump  X-ray 
Laser  Scheme. 
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This  photopump  scheme  has  been  investigated  experimentally  using  laser-produced  plasmas2  and  Z-pinches4. 
There  has,  to  date,  been  no  demonstration  of  gain.  At  Physics  International,  the  sodium-neon  scheme  is 
investigated  using  pulsed-power-driven  Z-pinches  to  produce  both  the  lasant  and  pump  plasmas.  In  a  sodium 
Z-pinch,  a  large  current,  3  MA,  is  passed  through  a  sodium  bearing  vapor  jet.  The  interaction  of  the  current  with 
its  azimuthal  self-magnetic  field  results  in  a  Lorentz  force  which  is  directed  radially  inwards.  This  force 
compresses  the  plasma.  When  the  sheath  or  imploding  shell  assembles  on-axis,  the  directed  radial  kinetic  energy  is 
thermalized  and  a  hot,  dense  plasma  is  formed,  which  is  subsequently  heated  by  the  current  as  it  continues  to  flow 
in  the  pinch. 

Gas  puff  Z-pinches  and  imploding  wire  arrays  are  copious  X-ray  sources.  When  imploded  with  small,  <10  kJ, 
slow.  1-ps  risetime  banks,  10%  of  the  stored  energy  is  radiated  in  the  100-1000  eV  region  over  500  ns  or  so  and 
the  plasmas  formed  typically  have  electron  densities  in  the  range  of  1019  to  1020  cnr2  and  electron  temperatures 
less  than  100  eV5A  On  large  pulse-power-driven  Z-pinches,  which  operate  at  the  multi-TW  level,  greater  than 
17c  of  the  stored  energy  is  radiated  at  keV  photon  energies  in  10-20  ns  timescales,9  and  the  plasmas  have  electron 
densities  in  the  mid  1020  cnr3  and  electron  temperatures  in  the  range  of  400-1000  eV7-8-9-10. 


LASANT  PLASMA 
DRIVER 


Figure  2.  Physics  International's  Approach  to  Photopumped  X-ray 
Laser  Scheme. 


Based  on  the  performance  of  Z-pinches  under  different  driver  conditions,  ‘he  approach  shown  in  Figure  2  was 
adopted  to  perform  sodium-neon  photopump  experiments.  The  DNA/PIThUA'  generator,  whose  parameters  are 
given  in  Table  I,  is  used  to  implode  a  sodium-bearing  plasma.  This  should  provide  the  high  pump  power.  The 
cooler,  50  eV,  less  dense,  n^  =  5xl019  cm'3,  neon  plasma  will  be  formed  using  a  27-kJ,  9-p.F  capacitor  bank, 
which  generates  500  kA  with  a  2-p.s  quarter  period.  The  geometry  of  these  two  Z-pinches  is  designed  to  allow 
them  to  be  brought  to  within  4  cm  of  each  other.  The  advantage  of  this  approach  is  that  the  two  plasmas  can  be 
independently  controlled  and  optimized  to  the  correct  size,  temperature,  and  densities.  Also,  length  scaling  can  be 
examined  without  having  to  change  the  actual  plasma  length,  which  could  otherwise  alter  the  plasma  parameters. 
The  variation  of  intensity  with  length  can  be  achieved  by  baffling  the  neon  plasma  so  that  different  lengths  of  the 
lasant  plasma  are  pumped  by  the  sodium  plasma. 
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Table  I.  PITHON  parameters. 

Machine  Parameters: 

Peak  Current  =  2  to  3  MA 
Inductance  -  20  to  30  nH 
trise  =  50  ns 
Estored  =  3/4  MJ 


Pinch  Plasma  Parameters: 


ne  =  mid  1020  cm-3 
Te  =  400  to  1000  eV 
1  =  3  cm 
d  =  2  mm 

Yield  -  10  kJ  of  1  keV  X-rays 
t  =  10  to  20  ns 

In  this  paper,  preliminary  efforts  to  produce  the  sodium  plasma  and  the  measurements  of  the  Na  Hea  on 
DNA/PITHON  are  described.  The  development  of  the  neon  plasma  is  under  way  but  is  not  described  in  this  paper. 

The  Sodium  Z-Pinch. 

The  chemical  reactivity  of  pure  sodium  makes  it  difficult  to  use  as  a  Z-pinch  load,  compared  to  ordinary  metals 
which  can  be  made  into  wires  and  imploded  as  arrays.  Techniques  do  exist  which  allow  sodium  compounds  to  be 
vaporized  and  puffed,  similar  to  a  gas.  An  electrical  discharge  passed  through  a  NaF  capilliary11  has  been  shown 
to  produce  a  sodium  containing  jet,  and  this  jet  was  used  as  a  Z-pinch  load  on  Gamble  II  to  produce  35  GW  in  the 
Na  X  ls2-ls2p  'P  line12’13.  Other  work  performed  by  Gazaix14  has  demonstrated  highly  collimated  jets  of 
aluminium,  and  this  source  may  be  developed  to  produce  a  pure  sodium  vapor  jet. 


58*iH 


Figure  3.  Sodium  Source  for  PITHON. 


The  Physics  International  sodium  source,  shown  schematically  in  Figure  3,  had  sodium  chloride  packed  into  a 
fixed  annular  volume, .which  gave  a  mass  loading  of  100  ±  10  mg.  The  driver  bank  was  a  28-pF  capacitor, 
charged  to  15  kV,  which  discharged  through  a  58-pH  inductor  into  the  sodium  chloride  load.  The  capacitor  was 
crowbarred  after  40  ps  to  allow  the  inductor-driven  current  to  decay  slowly  in  the  sodium  chloride  plasma. 
Typically  the  main  PITHON  current  would  be  fired  between  30  and  50  ps  after  the  current  was  initiated  in  the 
sodium  chloride  load.  No  detailed  measurements  were  performed  of  the  mass  distribution  of  the  sodium  chloride 
vapor  source  prior  to  testing  the  source  on  PITHON.  As  the  operating  conditions  of  the  source  were  varied 
during  the  pulsing  session,  there  seemed  to  be  no  systematic  dependence  on  the  time  to  implode  (which  is  a 


84 


measure  of  the  mass  of  the  Z-pinch  load  for  a  given  current)  with  either  the  mass  loading  in  the  sodium  chloride 
source  or  the  delay  between  firing  the  source  and  triggering  PITHON.  Future  experiments  on  the  bench  will 
endeavor  to  measure  the  mass  flow  from  the  source  and  the  dependence  of  this  with  respect  to  mass  loading  and 
applied  voltage. 

The  sodium  source  was  mounted  onto  the  DNA/PITHON  generator,  and  sodium  chloride  vapor  puffs  were 
imploded.  A  range  of  X-ray  diagnostics,  as  shown  in  Figure  4,  was  employed  to  measure  the  X-ray  yield  and  the 
collapse  dynamics.  The  pump  line  temporal  behavior  was  measured  using  a  germanium-filtered,  copper  cathode 
X-ray  diode14  (XRDj  and  a  time-resolved  (3  gated  frames)  crystal  spectrometer.  A  12-frame  X-ray  pinhole 
camera  filtered  with  8  pm  of  Kapton  was  used  to  study  the  spatial  extent  of  the  X-ray  emitting  regions  in  time.  A 
time-integrated  crystal  spectrometer  was  used  to  measure  the  relative  yield  from  one  shot  to  another. 


PLASMA 


Figure  4.  Diagnostic  Layout. 


The  time-resolved  pinhole  camera  shows  that  the  sodium  plasma  Z-pinch  is  3  mm  in  diameter  and  2  cm  long; 
however,  it  is  not  very  homogeneous.  This  is  acceptable,  in  this  case,  since  there  is  sufficient  separation  of  the 
pump  and  lasant  plasma  to  compensate  for  non-uniformities  in  the  sodium  plasma.  However,  gross  plasma 
instabilities  in  the  sodium  plasma  should  be  avoided.  The  sodium  plasma  radiates  typically  for  40  ns  with  the  most 
intense  period  being  15  ns  in  duration.  The  axial  variation  in  time  to  pinch — the  so-called  zipper  effect  — is  of  the 
order  of  10  ns.  A  typical  time-integrated  spectrum,  shot  No.  4706,  is  shown  in  Figure  5.  The  ratio  of  the  Lya  to 
the  Hea  lines  of  the  sodium  indicates  a  temperature  of  600-800  eV,  which  is  hotter  than  the  optimal  temperature 
estimated  to  maximize  the  Hea  intensity.  As  can  be  seen  from  the  spectrum,  there  is  a  significant  fraction  of 
radiation  in  aluminum  impurity  lines  and  some  in  zinc  and  copper  lines.  The  source  of  these  impurities  are  the 
puff  nozzle,  which  is  made  from  aluminum,  and  the  current  return  cage,  which  is  made  from  brass.  Using  a 
graphite  nozzle,  the  aluminum  radiation  was  eliminated  but  the  pump  line  yield  was  not  significantly  increased. 
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Figure  5.  Time  Integrated  X-ray  Crystal  Spectra 


In  Figure  6,  the  germanium-filtered,  copper  cathode  XRD  signal  is  shown  superimposed  on  the  pinch  current  for 
shot  No.  4706.  The  filtering  on  this  diode  rejects  the  Na  Lya  line  and  the  aluminum  radiation.  From  the 
published  cathode  sensitivities  and  known  filter  transmissions,  the  signal  was  analyzed  to  give  the  absolute  power 
in  the  pump  line.  The  peak  power  measured  in  the  pump  line  was  65  GW  with  a  14  ns  FWHM.  The  total  yield  in 
the  Hea  line  was  2  kJ  on  this  shot.  The  germanium  filter  does  pass  the  copper  and  zinc  impurites,  which  are  seen 
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Figure  6.  Germanium-filtered,  Copper  Cathode  XRD:  Signal  and  Pinch  Current 
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on  the  spectra  shown  in  Figure  6;  however,  their  magnitudes  are  low.  In  shots  where  the  pump  line  yield  was 
low,  the  impurity  emission  was  comparable  to  the  pump  line.  This  is  demonstrated  in  the  time-resolved  spectra, 
shown  in  Figure  7.  The  10-ns-long  frames  indicate  an  emission  time  of  greater  than  30  ns  but  a  FWHM  of  20  ns 
or  so. 


WAVELENGTH,  angstroms 

PUMP  FWHM  -  35  ns  15  ns  FRAME 

Figure  7.  Time  Resolved  X-ray  Crystal  Spectra 


Using  shot  No.  4706  as  a  calibration  for  the  time-integrated  crystal  spectrometer,  the  total  yield  in  the  Na  Hea 
pump  line  was  measured  from  time-integrated  spectra  taken  on  different  shots,  and  the  yield  in  the  pump  line  was 
studied  as  a  function  of  the  sodium  source  and  PITHON  parameters.  In  Figure  8,  the  yield  in  the  pump  line  is 
plotted  versus  the  peak  current  from  PITHON  and  the  current  at  the  time  of  implosion.  As  the  current  increases, 
the  yield  increases.  The  large  variation  at  a  given  current,  up  to  a  factor  of  two,  does  not  allow  an  accurate 
current  scaling  to  be  determined  but  a  scaling  between  I2  and  I4  would  fit  the  data.  Prior  to  increasing  the  current 
to  improve  the  yield,  the  sodium  source  must  be  refined  so  that  the  mass  flow  can  be  controlled  in  a  systematic 
fashion,  thus  allowing  the  load  mass  to  be  optimized  for  a  given  current.  The  plot  of  the  pump  line  yield  versus 
implosion  time,  Figure  9,  indicated  that  the  yield  was  optimized  when  the  implosion  time  was  between  95  and 
100  ns.  This  implosion  time  is  some  15-20  ns  after  the  peak  of  the  current  pulse 

Conclusions  and  Future  Work. 

X-ray  laser  research  on  gas  puff  Z-pinches,  focussing  on  the  sodium-neon  photopump  scheme,  is  in  progress.  The 
results  to  date  of  this  study  are  that  sodium  implosions  using  a  3-TW  generator  have  resulted  in  65  GW,  2  kJ  on 
one  shot  and  2.4  kJ  total  yield  on  the  best  shot,  being  emitted  in  the  Na  X  ls2-ls2p  line.  Future  work  will  require 
the  optimization  of  the  sodium  source  so  that  the  goal  of  200-250  GW  in  the  sodium  He«  can  be  met.  This  can 
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Figure  8.  Sodium  Hea  Line  Yield  vs.  PITHON  Current 
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Figure  9.  Sodium  Hea  Line  Yield  vs.  Implosion  Time 
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certainly  be  achieved  by  increasing  the  current  into  an  optimized  load  and  may  be  possible  by  optimizing  the  load 
for  the  3  MA  that  PITHON  can  generate  at  present.  Since  this  design  of  sodium  source  does  not  appear  to  be 
easily  controllable,  other  methods  of  implementing  the  sodium  source,  such  as  the  NRL  capilliary  discharge  or  a 
metal  vapor  puff,  may  be  tested.  The  neon  plasma  has  to  be  characterized  and  the  desired  ionization  stage 
achieved,  before  fluorescence  and  length  scaling  experiments  are  performed  to  look  for  gain  in  the  He-like  4-3 
line  at  230  A. 
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Abstract 


The  demonstration  in  1984  of  amplified  spontaneous  emission  in  neon- like 
selenium  showed  that  it  was  possible  to  make  a  laser  at  soft  x-ray  wavelengths. 
When  the  results  of  the  experiment  disagreed  with  all  previous  predictions  in 
that  the  predicted  strongest  line  could  not  even  be  positively  identified,  the 
"J=0  anomaly"  was  introduced  to  the  physics  community.  This  large  discrepancy 
implies  a  serious  error  in  our  understanding  of  soft  x-ray  laser  plasmas  and  the 
problem  has  received  a  great  deal  of  theoretical  and  experimental  attention.  In 
this  paper  we  summarize  the  work  that  has  been  done  to  understand  the  anomaly, 
describe  the  present  state  of  our  knowledge,  and  propose  further  research. 

I .  Introduction 

Neon- like  ions  have  long  been  recognized  [1]  as  potential  candidates  for 
producing  soft  x-ray  lasers.  The  2sz2pv3s  excited  states  have  a 
cast  ^lectric  dipole  radiative  transition  to  the  ground  state,  while  the 
2sz2p53p  states  can  radiate  to  the  ground  state  only  by  much  slower 
electric  quadrupole  transitions.  A  population  inversion  between  the  3p  and  3s 
excited  states  should  be  very  natural  and  easy  to  create,  provided  the  right 
plasma  conditions  can  be  obtained.  This  was  confirmed  in  1984  when  amplified 
spontaneous  emission  was  first  demonstrated  at  Lawrence  Livermore  National 
Laboratory  (LLNL)  [2]  in  neon-like  selenium  by  irradiating  an  exploding  foil 
target  [3]  with  the  NOVETTE  laser.  The  same  experiment  introduced  the  "J=0 
Anomaly"  to  the  physics  community.  The  transition  predicted  to  have  the  largest 
gain  [3-5]  was  a  3p-3s  (J-=0-l)  transition  near  182  A.  This  line  was  not 
significantly  amplified  in  the  experiment- -  it  was  not  even  unambiguously 
identified.  Two  other  3p-3s  J=2-l  transitions  did  show  strong  amplification,  in 
good  agreement  with  prediction.  But  the  absence  of  the  strongest  predicted  line 
was  very  provocative,  and  has  inspired  a  number  of  studies  of  neon-like  ions. 
[6-10] 

In  later  experiments  using  targets  with  longer  gain  lengths,  the  LLNL  group 
has  observed  the  anomalous  J=0-1  transition  at  182.43  A,  ana  has  measured  a  gain 
coefficient  which  is  significantly  below  the  predictions.  In  this  paper  we 
shall  summarize  the  experimental  results  relevant  to  understanding  the  "J=0 
anomaly,"  describe  the  theoretical  efforts  to  resolve  the  discrepancy,  and 
propose  fruitful  avenues  for  further  research. 

II.  Summary  of  Experimental  Results 
Detailed  gain  measurements 

We  first  discuss  experiments  in  selenium  and  molybdenum,  where  gain  has  been 
measured  for  several  lines,  and  detailed  simulations  are  available  for 
comparison.  Table  1  summarizes  experimental  results  and  theoretical  predictions 
for  selenium.  Gain  has  been  measured  for  a  total  of  five  transitions,  and  it  is 
clear  that  all  are  in  good  agreement  with  the  predictions  (within  50%) ,  with  the 
exception  of  the  J=0-1  line  at  182.43  A.  Four  years  of  work  on  the  atomic 
physics,  kinetics,  and  propagation  physics  of  the  simulation  package,  and  on 
analysis  of  the  data,  has  greatly  improved  the  agreement  between  theory  and 
experiment,  but  the  predicted  gain  coefficient  is  still  larger  by  a  factor  of 
more  than  four. 

Table  2  shows  detailed  experimental  [11]  and  theoretical  [12]  results  for 
molybdenum.  There  is  agreement  to  within  a  factor  of  two  between  theory  and 
experiment  for  all  observed  transitions  except  the  analogous  J=0-1  transition  at 
141.6  A,  where  no  gain  at  all  is  measured.  Clearly,  the  anomaly  scales  to 
higher  Z.  Note  that  another  J=0-1  transition  at  106.4  A  (analogous  to  the 
168.67  A  transition  in  selenium)  shows  significant  gain. 
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Table  1.  Comparison  of  measured  and  predicted 

gain  coefficients 

(cm'1)  : 

neon-like  selenium. 

Transition 

Wavelength  (A) 

Prediction  Measurement 

2p3p-2p3s  J—2-1 

(7-3 

262.94 

5.0 

3.5 

(10-3) 

206.38 

5.7 

4.0 

(14-5) 

209.78 

6.2 

3.8 

2p3p-2p3s  J-l-1 

(9-3) 

220.28 

2.8 

2.2 

(12-5) 

261.5 

1.3 

(theoretical) 

2p3p-2p3s  J— 0-1 

(15-5) 

182.43 

10.0 

2.4 

(11-3) 

168.67 

1.2 

(15-3) 

113.43 

1.3 

2s3d- 2s3p  J-2-1 

(37-33) 

181.95 

2.4 

Table  2.  Comparison  01  measured  and  predicted  gain  coefficients  (cm  for 


neon- like  molybdenum. 

Transition 

Wavelength  (A) 

Prediction 

Measurement 

2p3p-2p3s  J=2-l 

131.03 

8.5 

4.1 

132.70 

8.4 

4.2 

2p3p-2p3s  J=l-1 

139.44 

5.3 

2.9 

2p3p-2p3s  J-0-1 

141.62 

5.3 

_ 

106.42 

3.8 

2.2 

Z-scaline  of  gain 

Gain  measurements  for  the  two  strong  J=*2-l  transitions  and  the  anomalous 
J-0-1  transition  have  been  made  for  a  number  of  other  elements.  A  group  at 
Naval  Research  (NRL)  has  measured  gain  in  neon-like  copper  and  germanium  [13], 
and  recently  in  zinc,  arsenic,  and  selenium  [14],  The  LLNL  group  and  French 
scientists  at  Centre  d' Etudes  de  Limeil-Valenton  [15]  have  measured  gain  for 
neon- like  strontium.  The  results  are  similar  to  those  for  selenium  and 
molybdenum;  the  two  J— 2-1  transitions  show  large  gain,  and  the  anomalous  J=0-1 
transition  does  not  show  measurable  gain  (although  observations  are  complicated 
by  a  line  coincidence  with  a  sodium-like  transition) .  Gain  has  also  been 
observed  at  LLNL  in  yttriunr  [2],  but  the  results  are  not  useful  because  the 
J“0-1  line  in  that  element  is  coincident  with  one  of  the  J=2-l  transitions  at 
154.9  A.  Significant  gain  is  seen  at  this  wavelength,  but  it  is  impossible  to 
tell  how  much  each  transition  is  contributing. 

These  results  are  shown  in  Figure  1,  along  with  available  theoretical 

Predictions.  The  two  types  of  transitions  clearly  behave  differently  as  a 
unction  of  Z;  the  gain  of  the  J-2-1  transitions  rises  at  low  Z,  flattening  out 
around  Z-33,  while  the  gain  of  the  J-0-1  transition  is  large  for  low  Z  and  falls 
as  Z  increases.  The  anomaly  itself  also  appears  to  change  with  Z;  comparison 
with  a  simulation  of  the  copper  plasma  [16]  shows  rather  good  agreement  for  all 
three  transitions,  but  the  discrepancy  is  large  for  selenium  ana  molybdenum. 

This  scaling  with  Z  is  very  thought -provoking,  but  is  not  clear  whether  it 
is  caused  by  differences  in  atomic  or  laser  physics  or  by  different  experiment  i’ 
conditions.  The  lower  Z  experiments  at  NRL  were  performed  in  most  cases  on  slab 
targets  illuminated  by  1.06  pm  light  in  a  long  (1.2-2. 5  ns)  pulse.  The 
higher  Z  experiments  at  LLNL  and  Limeil  were  done  with  exploding  foil  targets 
illuminated  by  0.53  pm  light  in  a  short  (0.5-1  ns)  pulse.  NRL  measurements 
done  on  exploding  foils  of  selenium  [14]  give  results  similar  to  the  LLNL 
results,  but  preliminary  analysis  of  Limeil  experiments  in  germanium  does  not 
show  strong  amplification  of  the  J=0-1  transition.  A  series  of  carefully 
analyzed  experiments  done  in  both  laboratories  on  overlapping  elements  would 
clarify  this  very  important  issue. 
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ELEMENT 


Figure  1.  Gain  measurements  and 
predictions  in  several  elements  for 
one  J=2-l  transition  (squares)  and 
the  anomalous  J=0-1  transition 
(circles) .  For  each  transition,  open 
symbols  represent  measurements  and 
filled  symbols  represent  predictions. 

Plasma  conditions 


Figure  2.  Electron  temperature  versus 
time  (measured  from  the  peak  of  the 
optical  heating  pulse) .  Squares 
represent  measurements  using  stimulated 
Raman  scattering  and  circles  represent 
LASNEX  predictions. 


We  next  review  what  is  known  about  the  plasma  conditions  in  the  x-ray  laser 
plasma.  The  parameter  we  best  understand  is  the  electron  density.  Laser 
interferometry  experiments  [17]  have  provided  accurate  density  profiles  of  an 
exploding  foil  target  at  several  times  during  the  duration  of  the  pulse.  These 
profiles  have  been  compared  with  LASNEX  simulations  for  a  wide  range  of  pulse 
lengths,  laser  intensities,  and  foil  thicknesses,  and  overall  the  agreement 
between  theory  and  experiments  is  better  than  a  factor  of  two.  We  therefore 
have  some  confidence  in  our  modeling  of  the  electron  density,  at  least  at  the 
scale  length  20  /im)  sampled  by  this  experiment. 

The  electron  temperature  is  more  problematic;  experimental  measurements  are 
less  straightforward  and  different  techniques  do  not  agree.  The  least 
model -dependent  method  is  to  observe  of  the  slope  of  the  bound-free 
recombination  continuum;  if  the  free  electrons  have  a  Maxwellian  distribution, 
the  continuum  will  be  a  straight  line  with  slope  proportional  to  electron 
temperature.  Recently  this  technically  difficult  experiment  has  been  performed 
for  an  aluminum  dot  on  plastic  [18].  Analysis  of  detailed  time-  and 
space-resolved  x-ray  spectra  has  revealed  substantial  qualitative  and 
quantitative  disagreement  with  LASNEX  simulations. 

This  discrepancy  is  extremely  disturbing,  but  it  is  difficult  to  assess  its 
relevance  to  the  selenium  x-ray  laser  problem  because  the  plasma  conditions  and 
target  design  are  very  different  in  the  two  experiments,  and  laser-plasma 
interactions  are  strongly  Z-dependent.  If  it  should  turn  out  that  the  selenium 
x-ray  laser  plasma  is  much  cooler  than  simulations  predict,  it  will  certainly 
require  that  we  rethink  our  understanding  of  the  modeling.  But  it  will  probably 
not  completely  resolve  the  J=0  anomaly.  A  LASNEX  simulation  with  the 
temperature  arbitrarily  multiplied  by  0  6  shows  that  the  decrease  in  collisional 
excitation  rates  i  ."ices  the  gain  in  a^  transitions.  However,  a  shift  in  the 
ionization  balance  -r om  mostly  f luorine - like  to  mostly  neon-like  reduces  the 
gain  of  the  J-2-i  mstions  as  well  as  the  J=0-1  transition. 

An  upper  limit  on  the  electron  temperature  in  the  x-ray  laser  plasma  itself 
can  be  obtained  from  ne  spectral  extent  of  the  scattered  Raman  light  by 
assuming  that  t  e  short  wavelength  cutoff  is  due  to  Landau  damping  [19],  and 
that  the  density  profile  is  Gaussian.  Figure  2  compares  the  electron 
temperature  estimated  by  this  method  with  a  LASNEX  prediction. 
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It  should  be  clear  from  this  discussion  that  the  electron  temperature  of  the 
x-ray  laser  plasma  is  not  well  understood.  It  is  essential  that  the  discrepancy 
between  LASNEX  predictions  and  the  continuum  measurements  be  resolved,  and,  if 
possible,  that  the  continuum  measurement  be  made  on  a  target  designed  to  more 
closely  resemble  the  x-ray  laser  target. 

Another  critical  parameter  is  the  ionization  balance.  This  is  even  more 
problematic  because  It  is  very  difficult  to  model,  and  there  is  no  quantitative 
experimental  information.  Analysis  of  4-2  and  5-2  radiation  from  different 
charge  states  in  spectra  taken  by  a  time  integrated  x-ray  spectrometer  shows 
that  variations  in  the  laser  and  target  parameters  are  reflected  in  the 
ionization  balance.  But  it  is  difficult  to  extract  useful  quantative  results 
which  can  be  compared  to  simulations. 

Clearly,  our  understanding  in  a  primitive  state.  Moreover,  because  the 
population  mechanisms  of  the  J=2-l  and  J=0-1  transitions  vary  significantly  as  a 
function  of  the  ionization  balance  it  is  critical  to  the  kinetics  of  the 
neon- like  laser  scheme,  and  the  J=0  anomaly.  Experiments  designed  to  directly 
measure  ground  state  populations  of  the  important  charge  states  in  the  laser 
plasma  would  provide  extremely  useful  information. 

III.  Possible  Solutions  to  the  J=0  Anomaly 

The  J=0  anomaly  has  been  the  subject  of  much  interest,  and  many  solutions 
have  been  proposed.  We  concentrate  here  on  three  major  hypotheses  which  have 
received  the  bulk  of  theoretical  and  experimental  attention. 

Error  in  kinetic  modeling 

First,  it  is  possible  that  our  kinetic  models  do  not  contain  all  important 
atomic  processes.  Figure  3  shows  the  most  important  population  mechanisms  for 
the  upper  levels  of  the  182.43  A  J=0-1  transition  and  the  209.78  A  J=2-l 
transition,  respectively,  as  predicted  by  a  steady  state  calculation  of  XRASER 
(These  two  transitions  share  the  same  lower  state.)  While  the  J=2  upper  state 
(level  14  in  selenium)  is  populated  by  several  mechanisms,  the  J=0  upper  state 
(level  15)  is  populated  almost  solely  by  collisional  excitation  from  the 
neon- like  ground  state.  This  very  large  J=0-0  rate  is  something  of  an 


F-llke  Ground  State 


F-llke  Ground  State 


3.4 


2p3p  J-0 


96.1 


Ne-llke  Ground  State 


Figure  3.  Population  mechanisms  for  upper  laser  levels  of  neon- like  selenium, 

as  predicted  by  a  steady  state  XRASER  calculation  for  n  =  5  x  10^®  cm"^, 
and  T  =  1000  eV.  The  ionization  balance  of  the  plasmais  predicted  to  be 
%e  ”  fp  =  .45,  f^a  =  .02,  and  fg  =  .265.  The  numbers  shown  on 

the  diagram  represent  the  percentage  of  the  total  (net)  flux  into  that  level. 

a.  Flux  into  level  14  (upper  level  of  209.78  A  J=2-l  transition). 

b.  Flux  into  level  15  (upper  level  of  182.43  A  J=0-1  transition). 
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anomaly- -most  atomic  processes  favor  high  multiplicity  states.  Therefore, 
improving  the  kinetic  model  by  including  some  important  process  will  most  likely 
increase  the  relative  gain  of  the  J=»2-l  transitions  and  reduce  the  J=0  anomaly/ 

This  hypothesis  has  received  much  theoretical  attention,  and  improvements  in 
the  kinetic  model,  most  notably  by  the  inclusion  of  detailed  dielectronic 
recombination  rates  [7,9],  have  been  largely  responsible  for  the  improvement  in 
agreement  between  theory  and  experiment.  However,  no  single  process  has  been 
found  that  completely  accounts  tor  the  J=0  anomaly  and,  even  taken  together,  all 
the  improvements  do  not  completely  eliminate  it.  Precisely  because  the  kinetics 
hypothesis  has  been  so  thoroughly  investigated,  it  is  unlikely  that  further 
improvements  which  will  have  a  major  effect. 

One  potentially  important  effect  which  has  not  been  examined  in  detail  is 
resonant  enhancement  of  the  3-3  collisional  excitation  cross  sections. 

Generally  speaking,  resonant  enhancement  has  a  larger  effect  on  more  forbidden 
transitions,  and  transitions  between  level  15  and  the  other  3p  levels  tend  to  be 
strongly  forbidden.  Increasing  these  collision  rates  would  shift  population  out 
of  low  multiplicity  states,  and  so  decrease  the  relative  gain  of  tne  J=0-1 
transition.  The  importance  of  this  effect  is  presently  being  investigated  by 
M.y.  Chen,  who  finds  that  resonances  of  the  form  2p54i4i ' and 
2p~4i5i'  can  enhance  the  collision  cross  section  by  as  much  as  a 
factor  of  two.  Including  the  triply  excited  states  2p*3i3  will 
probably  also  have  a  significant  effect,  and  is  being  investigated. 

Error  in  collisional  excitation  rate 

We  saw  in  Figure  3  that  level  15  is  populated  almost  solely  by  a  very  large 
J=0-0  collisional  excitation  rate  from  the  ground  state.  It  is  tempting 
therefore  to  suggest  that  the  cause  of  the  J=0  anomaly  is  an  error  in  tne 
calculation  of  this  single  rate.  However,  the  best  theoretical  and  experimental 
evidence  available  does  not  support  this  conclusion. 

The  original  gain  predictions  [3]  were  based  on  models  in  which  the 
ground-excited  state  collisional  excitation  cross  sections  were  calculated  in 
the  distorted  wave  approximation,  which  should  be  excellent  for  highly  charged 
ions.  To  test  this  assumption,  a  coupled  channels  calculation  of  the  same  set 
of  cross  sections  has  been  performed  for  neon-like  selenium  [20],  This  new 
calculation  accounts  for  mixing  among  the  various  scattering  states,  and  also 
for  the  effect  of  resonances.  This  calculation  shows  that,  while  resonance 
enhancement  is  important  for  low  lying  excited  states,  the  excitation  rate  into 
level  15  is  increased  by  less  than  10%. 

Until  recently  it  was  not  possible  to  measure  excitation  cross  sections  for 
highly  charged  ions,  so  these  calculations  could  not  be  checked  experimentally. 
Recently,  however,  the  Electron  Beam  Ion  Trap  [21]  has  make  direct  measurements 
possible.  Results  for  neon- like  barium  indicate  that  measured  and  calculated 
collision  cross  sections  near  the  excitation  energy  differ  by  no  more  than  4%. 

We  have  noted  the  gain  on  the  "other"  J=0-1  line  in  molybdenum  (see  Table 
2).  The  upper  state  of  this  transition  is  also  populated  mostly  by  collisional 
excitation  from  the  ground  state.  This  rate  is  large  because  the  two  J=0  states 
are  mixed  by  spin-orbit  coupling,  which  increases  significantly  for  higher  Z 
ions.  It  would  be  difficult  to  explain  the  observed  gain  for  this  transition  if 
the  excitation  rate  for  the  2p-3p  (AJ=0)  transitions  were  small. 

Error  in  propagation 

Finally,  it  is  possible  that  there  are  errors  in  our  modeling  of  the 
propagation  of  the  x-rays  through  the  plasma.  As  we  see  in  Figure  4,  the 
simulated  time  history  of  the  J=0-1  transition  is  quite  different  from  that  of 
the  J=2-l  transitions  (which  show  similar  behavior).  The  J=0-1  transition  peal, 
early  in  time,  when  the  density  is  high,  the  temperature  is  low,  and  the 
neon-like  fraction  is  relatively  large.  The  J=2-l  transition  peaks  later  in 
time,  when  the  plasma  is  hotter,  less  dense,  and  more  f luorine - 1 ike .  The 
predicted  gain  for  the  J=0-1  transition  also  shows  a  short  time  duration,  while 
the  J-2-1  gain  is  broader  in  time. 

There  is  some  evidence  that  these  simulations  are  correct.  In  experiments 
[22]  in  which  the  time  resolved  output  of  the  laser  lines  was  cornered  with  the 
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Figure  4.  Predicted  laser  output 
power  versus  time  (measured  from  the 
peak  of  the  optical  heating  pulse)  for 
the  209.78  A  J=-2-l  transition  (solid 
line),  and  the  182.43  A  J-0-1 
transition  (dotted  line) . 


Figure  5.  Intensity  versus  position  in 
the  plasma  for  the  209.78  A  J— 2-1 
transition  (solid  line)  and  the 
182.43  A  J-0-1  transition  (dotted 
line) .  The  two  curves  have  been  offset 
for  clarity. 


timing  of  the  optical  heating  pulse,  the  J=2-l  line  peaked  30-50  ps .  before  the 
peak  of  the  optical  laser  pulse,  and  lasted  about  270  ps .  (FWHM) .  The  J=0-1 
line  peaked  atjout  20  ps .  earlier  and  was  slightly  shorter  in  time  (230  ps . )  . 

The  times  are  small  compared  to  the  error  in  measuring  the  time  of  the  optical 
laser  pulse,  but  the  trends  are  consistent.  The  simulation  accurately  predicts 
the  behavior  of  the  J=2-l  lines,  but  the  J-0-1  line  lasts  longer  than 
predicted.  This  difference  in  timing,  combined  with  the  fact  that  refractive 
effects  are  larger  early  in  time,  indicates  that  it  might  be  more  difficult  for 
the  J-0-1  radiation  to  propagate  down  the  plasma  column. 


Space -resolved  data  from  the  imaging  MCPIGS  spectrometer  [23]  shows  that  the 
J=0-1  line  is  amplified  in  a  smaller  region  of  the  plasma.  Figure  6  shows 
lineouts  in  the  spatial  direction  of  the  182.43  and  209.78  A  lines.  It  is  clear 
that  the  source  size  of  the  J-0-1  transition  is  significantly  smaller  than  the 
J-2-1  line.  This  smaller  region  of  strong  amplification  enhances  any 
propagation  difficulties. 


These  results  led  us  to  estimate  the  effect  on  the  J-0-1  gain  of  propagation 
problems  not  included  in  the  simulations,  for  example  scattering  off 
inhomogeneities  in  the  plasma,  diffraction  non-uniformity  along  the  plasma 
column  due  to  non-uniformity  m  the  optical  laser,  or  finite  light  travel 
times.  We  arbitrarily  removed  all  signal  prior  to  the  peak  of  the  optical 
heating  pulse.  We  do  not  expect  significant  propagation  problems  after  the  peak 
of  the  pulse  because  density  profiles  are  very  smooth  and  because  the  gain  and 
timing  measurements  of  the  J-2-1  lines  are  in  gopd  agreement  with  theory.  This 
exclusion  reduces  the  effective  gain  by  about  40%,  which  implies  that 
propagation  difficulties  by  themselves  are  unlikely  to  fully  explain  the  J=0 
anomaly . 


Other  interesting  solutions  have  been  proposed.  Apruzese  et  al.  [6] 
suggested  that  the  selenium  laser  was  pumped  primarily  by  radiative 
recombination  after  the  peak  of  the  optical  pulse  in  a  cool,  primarily 
fluorine- like  plasma.  However,  timing  data  [22]  indicate  that  lasing  occurs 
before  or  near  the  peak  of  the  pulse.  Apruzese  [24]  recently  pointed  out  that 
the  kinetics  of  the  plasma  may  be  different  toward  the  ends  of  the  plasma 
column,  where  the  driver  laser  is  less  intense  and  the  plasma  is  cooler. 
Recombination  will  be  more  important  in  these  regions,  and  may  boost  the  gain  of 
the  J-2-1  transitions.  Greater  refraction  in  the  ends  of  the  plasma  may 
increase  the  difficulties  of  propagation  discussed  above  [25], 
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Griem  [8]  has  proposed  that  plasma  effects  on  the  line  shapes  might 
differentially  affect  the  J=0-1  transition.  It  would  be  interesting  to 
further  explore  this  hypothesis;  very  little  work  has  been  done  on  the  shape  of 
the  laser  lines.  Finally,  Peter  Hagelstein  [26]  has  suggested  that  the  J=0-1 
line  is  absorbed  by  a  weak  transition  in  a  neighboring  cnarge  state.  This 
hypothesis  is  difficult  to  test;  there  are  many  weak  lines  in  the  correct 
spectral  range,  and  their  positions  are  not  known  exactly.  As  the  anomaly  is 
observed  in  more  elements,  however,  a  series  of  accidental  coincidences  becomes 
less  likely. 


IV.  Conclusions  and  Discussion 


Based  on  careful  simulation  of  the  selenium  x-ray  laser  plasma  and  detailed 
comparison  with  experimental  results,  some  clear  distinctions  between  the  J=0-1 
transition  and  the  two  strong  J=2-l  transitions  have  emerged.  The  J=0-1 
inversion  is  created  almost  entirely  by  the  very  large  2p-3p  AJ=0 
collisional  excitation  rate  from  the  ground  state,  The  highest  gain  for  this 
transition  occurs  before  the  peak  of  the  optical  heating  pulse  when  the  plasma 
is  cooler,  denser  and  more  neon-like.  In  contrast,  the  J=2-l  transitions  are 
populated  by  dielectronic  recombination  from  fluorine-like  ions  and  cascade  from 
higher  excited  states,  as  well  as  by  collisional  excitation.  The  high  gain  for 
these  transitions  occurs  at  or  after  the  peak  of  the  optical  pulse,  when  the 
plasma  is  hotter,  less  dense,  and  more  f luorine - like .  This  scenario  is 
reasonably  well  supported  by  experimental  evidence  about  the  spatial  and 
temporal  behavior  of  the  lasing  lines,  although  questions  remain  about  the 
temperature  and  ionization  balance  of  the  plasma. 

We  have  tested  three  hypotheses  which  might  explain  the  J=0  anomaly.  The 
first,  that  we  have  neglected  some  important  process  which  will  increase  the 
predicted  gains  of  the  J-2-1  lines,  has  been  thoroughly  investigated  and  no 
previously  neglected  process  has  proven  to  have  an  effect  large  enough  to 
explain  tbe  J=0  anomaly.  The  second,  that  the  calculated  ground-excited  state 
collisional  excitation  rate  is  too  large,  is  contradicted  by  recent  experimental 
and  theoretical  evidence.  Finally,  we  estimated  the  effect  of  propagation 
problems  neglected  by  the  simulation  and  found  an  effect  too  small  to  explain 
the  anomaly. 

We  can  suggest  several  areas  where  further  research  may  cast  light  on  the 
J=0  anomaly.  First,  measurements  of  ground  state  populations  of  the  important 
charge  states  in  the  plasma  would  test  our  modeling  of  the  ionization  balance 
and  allow  us  to  sort  out  the  influence  of  competing  population  mechanisms. 
Experiments  using  absorption  spectroscopy  are  currently  being  planned  at  LLNL. 
Further  experiments  to  determine  the  electron  temperature  would  allow  us  to 
explain  the  discrepancy  between  theory  and  experiment,  and  to  determine  the 
significance  of  these  results  for  the  selenium  x-ray  laser  plasma. 

Second,  further  investigation  of  the  apparent  scaling  of  the  J=0  anomaly 
with  Z  would  be  most  fruitful.  We  must  decide  whether  the  differences  between 
low  and  high  Z  elements  are  due  to  different  experimental  conditions  by  doing  a 
careful  set  of  measurements  on  a  set  of  overlapping  elements.  Then  further 
theoretical  work  will  be  necessary  to  track  down  the  source  of  any  remaining 
variation  with  Z. 

Finally,  further  investigation  of  propagation  issues  is  necessary.  More 
work  on  the  temporal  and  spatial  extent  of  the  laser  action  would  tell  us 
whether  our  theoretical  predictions  are  correct.  Some  investigation  of  the 
shape  of  the  laser  lines,  and  the  possible  effects  of  turbulence  in  the  plasma 
would  also  be  useful. 
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Abstract 


Resonant  photopumping  of  heliumlike  neon  by  heliumlike  sodium  is  being  investigated  in 
order  to  extend  this  pumping  technique  to  the  soft  x-ray  regime.  More  than  30  GW  of  sodium 
pump  x-rays,  concentrated  in  a  resonance  line  at  11  A,  has  been  produced  by  imploding  a 
sodium  fluoride  plasma  with  a  peak  current  of  1  MA  from  a  pulsed-power  generator.  A 
separate  neon  plasma,  created  5  cm  from  the  sodium  pump,  has  been  improved  in  uniformity 
recently  by  using  a  mini-nozzle  to  collimate  the  neon  gas  puff  prior  to  implosion  with  a 
150-kA  current  pulse.  Fluorescence  has  been  observed  by  comparing  spectral  measurements  of 
K-shell  x-rays  from  the  neon  with  and  without  the  sodium  pump.  Three  different  null  tests, 
replacing  the  sodium  with  magnesium,  replacing  the  neon  with  argon,  and  mistiming  the 
sodium  and  neon  implosions,  all  indicate  that  fluorescence  is  observed  only  if  the  sodium 
pump  and  the  neon  plasma  are  present  and  the  implosions  are  coincident  in  time. 

1.  Introduction 

Resonant  photopumping  is  a  promising  approach  to  produce  x-ray  lasing  in  a  plasma. 
Selective  excitation  with  line  radiation  which  is  nearly  coincident  with  the  excitation 
energy  of  a  specific  level  in  an  ionic  species  is  used  to  create  a  population  inversion. 
Lasing  has  been  observed  with  this  technique  at  wavelengths  as  short  as  2163  A.1  A  large 
number  of  line  coincidences  between  pairs  of  ions  have  been  proposed  to  extend  this  pumping 
technique  tc  shorter  wavelength.  However,  the  Na  X  and  Ne  IX  combination,  identified  in 
one  of  the  earliest  proposals  for  x-ray  lasing,2  is  still  most  attractive  because  the 
exceedingly  good  Na-Ne  line  coincidence  (2  parts  in  104)  leads  to  efficient  coupling  of  the 
sodium  pump  radiation  to  the  neon  lasant.  Also,  the  heliumlike  ionic  stages  of  sodium  and 
neon  persist  over  a  reasonably  wide  temperature  range.  The  plasma  conditions  required  for 
this  lasing  scheme  have  been  analyzed  extensively.3  The  present  experiments  are  directed 
at  using  pulsed  power  to  achieve  lasing  with  the  Na-Ne  system.  This  approach  offers  the 
potential  of  high  efficiency  (~  10-3)with  Joules  of  energy  emitted  in  the  lasing  radia¬ 
tion.  4 

The  theory  of  Na/Ne  resonant  photopumping  with  pulsed  power  was  described  at  the  LASERS 
'87  Conference.5  Preliminary  experimental  results  indicative  of  fluorescence  have  been 
reported,6  but  several  important  questions  remained  unanswered.  Some  of  these  questions 
are  addressed  in  this  report  of  new  experimental  results.  First,  the  Na/Ne  photopumping 
experiment  on  the  Gamble  II  generator  at  the  Naval  Research  Laboratory  (NRL)  is  described 
briefly.  Recent  developments  which  have  improved  the  sodium  pump  power  are  summarized. 
Measurements  are  presented  which  indicate  that  a  more  uniform  neon  plasma  is  created  by 
using  a  supersonic  mini-nozzle  to  collimate  the  neon  gas  puff.  Finally,  the  results  of 
experiments  with  these  improvements  are  used  to  confirm  that  photopumping  with  x-rays  from 
a  sodium  plasma  has  produced  fluorescence  of  the  neon  plasma. 

2 .  Experimental  Conditions 

Sodium  and  neon  are  used  for  this  experiment  because  there  is  a  natural  line  coincidence 
between  the  n=2  to  n=l  transition  in  heliumlike  sodium  (Na  X)  and  the  n=4  to  n=l  transition 
in  heliumlike  Ne  (Ne  IX)  .  This  11-A  radiation  from  Na  X  can  resonantly  populate  the  n=4 
level  of  Ne  IX  with  the  potential  for  lasing  on  the  4-3,  4-2,  and  3-2  transitions  at  wave¬ 
lengths  of  230  A,  58  A,  and  82  A,  respectively.  In  this  experiment,  we  do  not  look  at 
these  potential  lasing  transitions,  but  at  transitions  in  the  range  from  9  to  14  A  from  the 
n=2 ,  3,  4,...  levels  of  Ne  IX  to  the  ground  state.  Requirements  on  the  properties  of  the 
sodium  and  neon  plasmas  have  been  described  in  Ref.  6.  To  maximize  the  pump-line  power,  a 
hot  dense  sodium  plasma  (-  300  eV,  -  1020  ions/cm3)  is  used.  To  keep  the  neon  plasma 
primarily  in  the  heliumlike  ground  state  for  photopumping,  a  cooler  plasma  (50-100  eV)  is 
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END  VIEW  WITH 
5  RETURN  CURRENT  RODS 

Ne 


Figure  1.  Arrangement  of  the  NaF  capillary-discharge  source  and  the  neon  gas  puff  in  the 
diode  region  of  Gamble  II.  The  diode  geometry  is  cylindrical  with  the  generator  to  the 
left.  The  NaF  is  on  axis  and  the  neon  is  in  a  return-current  path. 


required.  The  neon  density  must  be  large  enough  to  provide  detectable  output,  but  small 
enough  to  avoid  radiation  trapping  (-  1018  ions/cm3) .  These  plasma  conditions  are  so 
different  that  two  separate  plasmas  are  required. 

These  two  plasmas  are  formed  by  Z-pinch  implosions  in  the  diode  region  of  the  Gamble  II 
pulsed-power  generator  as  shown  in  Figure  1.  A  sodium  fluoride  (NaF)  plasma  from  a 
capillary  discharge  is  injected  across  the  4-cm  diode  gap.  A  current  of  up  to  1  MA  is 
conducted  from  the  high  voltage  electrode  through  this  plasma  and  back  to  ground  through 
six  return-current  paths.  One  of  the  return-current  paths  consists  of  a  neon  gas  puff,  and 
about  150  kA  is  conducted  by  the  neon  plasma.  The  NaF  plasma  is  imploded  to  produce  the 
11-A  pump  x-rays,  and  the  neon  is  imploded  weakly  to  produce  a  heliumlike  neon  plasma. 
X-rays  from  these  two  plasmas  are  recorded  at  90  degrees  to  the  axis  of  the  generator;  the 
NaF  plasma  is  viewed  through  gaps  in  the  return-current  rods. 

Three  types  of  x-ray  detectors  are  used  to  diagnose  these  two  plasmas;  time-integrated 
pinhole  cameras,  a  time-integrated  KAP  curved  crystal  spectrograph,  and  filtered  vacuum 
x-ray  diodes  (XRD's)  for  time  resolution.  For  the  sodium  plasma,  x-ray  emissions  from  Na  X 
and  Na  XI  are  recorded.  Pinhole-camera  images  give  the  size  of  the  plasma,  and  the  crystal 
spectrum  provides  the  ionization  stage  distribution  and  energy  in  the  pump  line.  The 
density  and  temperature  of  the  imploded  sodium  can  be  adjusted  so  that  the  n=2  to  1  pump 
line  (He- a)  is  the  most  intense  sodium  line  in  the  spectrum.6  Two  XRD's  with  different 
cathodes  and  filters  are  used  to  measure  the  total  sodium  K-shell  emission  and  the  He-a 
pump  power.6  For  the  neon  plasma,  both  K-shell  and  L-shell  x-ray  pinhole-camera  images  are 
recorded,  but  only  K-shell  x-ray  spectra.  The  neon  x-ray  emission  is  so  weak  that  only  the 
L-shell  x-rays  are  time-resolved  with  an  appropriately  filtered  XRD. 6 

3 .  Sodium  Pump  Improvements 

The  sodium  pump  radiation  is  produced  by  the  implosion  of  a  NaF  plasma  from  a  capillary 
discharge.7  A  peak  power  of  up  to  25  GW  in  the  sodium  He-a  line  has  been  reported  pre¬ 
viously  for  implosions  driven  by  a  peak  current  of  1.2  MA  from  the  Gamble  II  generator.8 
In  the  initial  photopumping  experiment,6  the  pump  power  was  no  more  than  10  to  15  GW 
probably  because  the  current  driving  the  implosion  was  only  1.0  MA.  During  the  past  year, 
this  power  has  been  more  than  doubled  by  making  the  following  improvements.  Both  the 
initial  radius  and  the  linear  mass  density  of  the  NaF  plasma  were  adjusted  to  provide  a 
better  match  to  the  Gamble-II  driving  current  and  to  match  the  implosion  time  of  the  sodium 
to  the  implosion  time  of  the  neon.  The  initial  radius  was  changed  by  adjusting  the  exit 
diameter  of  the  capillary  nozzle.  The  linear  mass  density  was  change!  L_,  adjusting  the 
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Figure  2.  Driving-current  and  x-ray  traces 
for  a  NaF  implosion  on  Gamble  II.  The 
K-shell  trace  is  the  total  sodium  K-shell 
power,  and  the  He-ct  trace  is  the  power  in 
the  sodium  He-a  line. 
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Figure  4.  Spectrum  of  neon  K-shell  x-ray 
emission  from  an  implosion  driven  by  a 
150-kA  peak-current  pulse.  Spectral  lines 
from  heliumlike  and  hydrogenlike  neon  are 
identified. 


current  through  the  capillary  discharge.  Finally,  the  nozzle  was  changed  from  brass  to 
^.aioon  to  minimize  higher-atomic-number  impurities  in  the  plasma.  The  results  of  our  best 
shot  with  a  1-MA  current  pulse  are  shown  in  Figure  2.  The  peak  power  of  39  GW  in  the  He-a 
line  is  about  one-half  of  the  total  K-shell  power.  The  total  energy  in  this  He-a  trace  is 
about  700  J.  These  results  were  achieved  with  a  1.5-cm  exit-diameter  carbon  nozzle. 

4 .  Neon  Plasma  Conditions 

Now  we  turn  our  attention  to  the  formation  of  the  neon  plasma.  In  the  initial 
experiment,6  the  neon  gas  puff  was  coupled  to  a  guide  tube  instead  of  a  supersonic  mini¬ 
nozzle.  The  flow  of  neon  from  the  nozzle  and  from  the  guide  tube  was  studied  by  using 
visible-light  photography  of  neon  excited  with  a  glow  discharge.  Photographs  taken  for  the 
same  glow-discharge  voltage  and  gas-puff  pressure  are  compared  in  Figure  3a.  Clearly,  a 
less  divergent  mass  distribution  is  produced  with  the  nozzle.  Neon  L-shell  x-ray  pinhole- 
camera  images  from  implosions  of  these  two  plasmas  in  the  return-current  geometry  on  Gamble 
II  are  compared  in  Figure  3b.  With  the  guide  tube,  the  imploded  plasma  does  not  fill  the 
4-cm  diode  gap,  while  emission  across  the  entire  gap  occurs  with  the  nozzle.  The  x-ray 
image  with  the  nozzle  in  Figure  3b  contains  an  over-exposed  central  core  which  includes 
neon  K-shell  emission.  An  image  of  only  neon  K-shell  emission  is  presented  in  Figure  5a. 
This  K-shell  emission  extends  nearly  across  the  entire  4-cm  diode  gap  but  is  most  intense 
near  the  nozzle.  These  neon  pinhole-camera  images  were  recorded  with  a  short  circuit  on 
axis  in  place  of  the  NaF  plasma,  as  shown  in  Figure  5a.  For  this  setup,  the  neon  gas  was 
preionized  with  a  UV  source  before  the  generator  was  discharged. 

The  radial  displacement  of  the  imploded  neon  in  Figure  3  is  a  consequence  of  forces  on 
the  neon  due  to  magnetic  fields  produced  primarily  by  the  currents  in  the  neon  and  sodium 
plasmas.  The  plasma  should  implode  along  the  locus  where  the  total  magnetic  field  is  zero. 
For  the  plasma  from  the  guide  tube,  the  neon  self-magnetic  field  decreases  rapidly  as  the 
plasma  diverges  from  the  tube.  As  this  self-field  decreases,  the  magnetic  null  occurs  at 
larger  radii  from  the  axis  of  the  generator.  If  the  self  field  is  too  small  to  form  a 
magnetic  null,  no  implosion  is  observed.  For  the  plasma  from  the  nozzle,  the  neon  self¬ 
field  is  more  nearly  constant  along  the  plasma  column  so  that  a  magnetic  null  exists  along 
the  entire  4-cm  gap  where  the  implosion  occurs.  This  scenario  is  consistent  with  the  x-ray 
images  recorded  for  the  guide  tube  and  for  the  nozzle  in  Figure  3b. 

K-shell  x-ray  spectra  of  the  neon  plasma  (see  Figure  4)  indicate  that  there  is  very 
little  Ne  X  emission  and  that  the  Ne  IX  emission  is  small.  The  spectrum  in  Figure  4 
suggests  that  the  neon  has  been  heated  to  the  Ne  IX  stage  with  a  dominant  Ne  IX  ground- 
state  population  as  required  for  photopumping.  The  intensity  scale  for  this  spectrum  is 
two  orders-of-magnitude  smaller  than  for  similar  spectra  of  the  sodium  pump  plasma.6 
Fortunately,  the  spectrograph  can  be  aligned  on  the  neon  source  and  shielded  from  the 
sodium  source.  For  photopump i^g  experiments,  we  focus  on  the  relative  intensity  of  the 
B-  and  7-lines  of  Ne  IX  corresponding  to  the  n=3  to  1  and  n=4  to  1  transitions, 
respectively.  The  Y/8  ratio  is  about  0.6  for  the  spectrum  in  Figure  4. 
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(a)  VISIBLE  LIGHT  IMAGES 


Guide  Tube 


(b)  NEON  L- SHELL  X-RAY  IMAGES 


Guide  Tube 

— m*  t 


Figure  3.  Images  of  neon  from  the  gas  puff  coupled  to  either  a  mini-nozzle  or  a  guide  tube, 
(a)  Visible-light  images  before  implosion.  (b)  L-shell  x-ray  images  of  imploded  neon.  A 
transmitting  screen  is  located  4  cm  from  the  nozzle  or  guide  tube. 


(a)  Ne  K-SHELL  X-RAY  IMAGE  (b)  Na  and  Ne  K- SHELL  X-RAY  IMAGES 


Ne  Mini- nozzle  Ne  Mini- nozzle 


Figure  5.  K-shell  x-ray  images  of  neon  and  NaF  implosions  superimposed  across  the  diode  gap 
of  Gamble  II.  (a)  Short  circuit  on  axis  and  (b)  NaF  capillary  plasma  on  axis. 
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5 .  Photooumpina  Studies 


Now  the  sodium  and  neon  plasmas  are  combined  for  photopumping  experiments.  K-shell 
pinhole-camera  images  of  these  two  plasmas  are  presented  in  Figure  5b.  X-rays  from  the 
sodium  plasma  are  imaged  through  a  0.1-mm  diameter  pinhole,  while  the  pinhole  for  the  less 
intense  radiation  from  the  neon  plasma  has  a  1-mm  diameter.  Comparison  of  the  neon  image 
in  Figure  5b  with  that  in  Figure  5a  suggests  that  emission  from  some  sodium  plasma  which 
has  expanded  into  the  region  of  the  neon  plasma  is  superimposed  on  the  neon  image.  These 
are  time-integrated  images.  Time-resolved  measurements  with  an  XRD,  designed  to  record 
x-rays  from  the  neon  plasma,  indicate  that  some  x-rays  are  emitted  from  the  region  of  the 
neon  plasma  several  hundred  nanoseconds  after  the  neon  has  imploded.  This  emission  is 
attributed  to  sodium  which  has  expanded  into  the  region  of  the  neon  late  in  time. 

The  current  and  XRD  traces  for  three  shots  with  both  sodium  and  neon  implosions  are 
presented  in  Figure  6.  For  the  sodium  implosions,  the  driving  current  and  He-a  pump  power 
are  presented.  For  the  neon  implosions,  the  driving  current  and  the  L-shell  x-ray  emission 
are  presented.  For  shot  4238,  the  sodium  pump  precedes  the  neon  implosion  -  as  measured 
by  the  neon  L-shell  x-ray  emission.  The  peak  pump  power  is  only  17  GW  because  the  sodium 
implodes  before  peak  current.  For  shot  4236,  the  pump  power  is  30  GW  and  coincides  with 
the  neon  implosion.  For  shot  4237,  the  sodium  pump  peaks  at  31  GW  slightly  after  the  peak 
of  the  neon  emission.  The  duration  of  the  neon  x-ray  emission  in  these  shots  is  attributed 
partly  to  zippering  as  the  neon  implodes  first  at  the  nozzle  exit  and  later  in  time  farther 
from  the  nozzle. 


TIME  (nsec) 


Figure  6.  Current  and  x-ray  traces  for  three  shots  with  both  sodium  and  neon  implosions. 
The  solid  curves  are  current  traces.  The  short-dash  curves  are  the  sodium  He-a  x-ray 
power.  The  long-dash  curves  are  the  neon  L-shell  x-ray  emission. 
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Neon  K-shell  x-ray  spectra  were  measured  for  these  three  shots,  and  the  spectrum  for 
shot  4236  is  shown  in  Figure  7a.  The  sodium  nozzle  is  located  at  the  top  of  the  spectrum 
and  the  neon  mini-nozzle  is  at  the  bottom.  There  is  an  x-ray  background  probably  due  to 
scattered  radiation  from  the  intense  sodium  source,  which  increases  from  left-to-right  on 
the  film.  Despite  this  background,  the  a-,  8-,  and  Y-lines  of  Ne  IX  are  clearly  observed. 
Also,  lines  associated  with  Ne  X  are  observed  in  these  spectra.  The  spectrum  for  shot  4236 
is  compared  in  Figure  7b  with  the  spectrum  for  a  shot  where  the  NaF  was  replaced  with  MgF2 . 
For  this  shot,  the  timing  of  the  magnesium  and  neon  implosions  was  similar  to  that  for  shot 
4237  (see  Figure  6)  .  The  Y-line  appears  weaker  than  the  8-line  in  Figure  7b,  while  the 
-line  is  comparable  to  the  S-line  in  Figure  7a.  Above,  but  near  the  Y-line  in  Figure  7a, 
is  an  extended  region  of  sodium  x-rays  emitted  from  sodium  plasma  which  has  expanded  across 
the  f ield-of-view  of  the  spectrometer  late  in  time.  This  extended  source  is  imaged  as  a 
broad  feature  on  the  film.  This  extended  region  of  x-rays  is  shifted  to  higher  energy,  as 
expected,  when  the  sodium  is  replaced  by  magnesium. 


Figure  7.  Film  record  of  neon  K-shell  x-ray  spectra  (a)  for  shot  4236  in  Figure  6,  (b)  for 
a  shot  with  MgF2  in  place  of  NaF,  and  (3)  for  a  shot  with  argon  in  place  of  neon.  The 
locations  of  the  a-,  8-,  and  Y-lines  of  heliumlike  neon  are  identified. 


In  a  preliminary  analysis  of  the  neon  spectra,  the  ratio  of  the  intensities  of  the  Y- 
and  B-lines  of  Ne  IX  was  determined  for  the  three  shots  in  Figure  6  and  for  the  shot  with 
MgF2  in  place  of  NaF.  The  results  are  plotted  against  the  difference  in  the  implosion 
times  of  the  two  piacns  in  Figure  8.  The  vertical  error  bars  are  primarily  due  to 
uncertainties  in  background  subtractions.  The  horizontal  error  bars  are  from  uncertainties 
in  the  times  of  peak  x-ray  emission.  The  Y/B  ratio  is  50%  larger  when  the  sodium  pump  is 
coincident  with  the  neon  implosion.  No  enhancement  is  observed  when  the  sodium  is  replaced 
by  magnesium  or  when  the  sodium  pump  occurs  before  the  neon  has  imploded.  For  comparison, 
the  Y/3  ratio  is  about  0.6  for  the  neon  spectrum  in  Figure  4  where  the  NaF  was  replaced 
with  a  short  circuit  on  axis. 

A  spectrum  was  measured  with  the  neon  replaced  by  argon  to  test  for  intermixing  of  the 
neon  and  sodium  plasmas.  This  spectrum  is  shown  in  Figure  7c.  None  of  the  lines 
associated  with  neon  are  observed  when  argon  is  used.  The  extended  region  of  sodium 
emission  is  observed,  but  there  is  no  evidence  for  11-A  Na  X  emission  at  the  spectral 
location  of  the  Y-line  of  Ne  IX.  Clearly,  the  enhancement  of  the  Y-line  is  not  due  to 
sodium  intermixing  with  the  neon  (or  argon)  before  or  during  the  implosion.  The  sodium  (or 
magnesium)  emission  observed  is  a  late-time  occurrence  in  these  time-integrated  spectra. 
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Figure  8.  Ne  IX  line  intensity  ratios,  Y/B,  for  the  three  shots  in  Figure  6  (open  circles) 
and  for  the  shot  with  MgF2  in  place  of  NaF  (solid  circle) . 


6 .  Summary 

A  sodium  pump  power  of  more  than  30  GW  has  been  produced  by  imploding  a  NaF  plasma  with 
a  driving  current  of  1  MA.  For  lasing  experiments,  it  is  estimated  that  a  pump  power 
exceeding  200  GW  is  required  for  a  sodium-neon  separation  of  5  cm.6  To  achieve  this  power, 
driving  currents  of  2  to  3  MA  from  a  larger  generator  can  be  used.  The  x-ray  yield 
increases  rapidly  with  driving  current;  a  fourth  power  scaling  of  K-shell  yield  with 
current  has  been  reported  for  neon  gas-puff  implosions.9  For  this  scaling,  a  NaF  implosion 
driven  by  a  peak  current  of  only  1.7  MA  should  produce  more  than  2  00  GW.  For  a  more 
conservative  quadratic  scaling  (based  on  generator-to-load  energy  coupling) ,  a  peak  current 
of  2.6  MA  is  required  to  produce  more  than  200  GW.  Currents  of  either  magnitude  are 
available  on  existing  pulsed-power  generators.  To  match  the  implosion  to  the  increased 
driving  current,  the  mass  per  unit  length  of  the  NaF  plasma  from  the  capillary  discharge 
must  be  increased.  Measurements  on  Gamble  II  suggest  that  the  mass  can  be  increased  by 
driving  more  current  through  the  capillary  source. 

The  neon  plasma  uniformity  has  been  improved  by  using  a  mini-nozzle  to  collimate  the  gas 
puff  before  implosion.  Ionization  of  the  neon  into  the  heliumlike  stage  is  observed,  but 
some  detailed  properties  of  the  neon,  such  as  the  density  and  temperature,  are  not  known. 
An  extensive  analysis  of  the  neon  spectra  is  planned  in  order  to  determine  these  properties 
and  to  quantify  the  absorption  of  the  sodium  pump  radiation  by  the  neon  plasma.  In 
addition,  more  work  is  needed  to  measure  and  optimize  the  conditions  of  the  neon  plasma  for 
lasing  experiments. 

Fluorescence  of  the  neon  has  been  observed  with  a  30-GW  pump  source.  Three  different 
null  tests;  replacing  the  sodium  with  magnesium,  replacing  the  neon  with  argon,  and  mis¬ 
timing  the  sodium  and  neon  implosions,  all  indicate  that  fluorescence  is  observed  only  if 
the  sodium  pump  and  the  neon  plasma  are  present  and  the  implosions  are  coincident  in  time. 
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Abstract 

A  new  facility  for  generating  laser  plasma  X-rays  at  the  Rutherford  Appleton 
Laboratory  is  described.  Initial  results  are  presented  where  the  angular  distri¬ 
bution  of  X-rays  from  an  aluminium  plasma  is  found  to  follow  a  cosine  function. 
Contact  images  of  diatoms  obtained  with  a  X-ray  flux  of  54mJ/cm  at  the  specimen 
are  presented. 

Introduction 

There  has  been  interest  for  many  years  in  using  X-rays  in  the  2.2-4.4nm  wave¬ 
length  region  -  the  so-called  "water  window"  -  for  studying  biological  specimens. 
This  has  been  due  to  the  natural  contrast  offered  by  hydrated  samples  arising  from 
the  markedly  different  absorption  coefficients  of  protein  and  water  in  this  region 
as  shown  in  Fig.l. 


X-RAY  VAVELENGTH  /  angstrom 


Fig.l  The  Soft  X-Ray  "Water  Window 


The  first  imago  of  a  living  coll  was  recorded  by  Feder  and  co-workers  in  1984. 
Since  then,  X-rav  microscopy  work  has  continued  using  a  variety  of  sources  such  as 
gas-puff  /.-pinches,  synchrotrons  and  laser-produced  plasmas.  One  of  the  main  advant¬ 
ages  of  laser  produced  plasmas  is  Lh.tt  their  single  pulse  peak  X-ray  brightness  can 
exceed  that  of  synchrotrons  by  many  orders  of  magnitude2.  This  allows  full  exposures 
to  be  made  with  single  shots  on  nanosecond  timescales  or  less.  This  time  is  short 
enough  for  anv  damage  to  the  specimen  not  to  manifest  itself  even  though  the  X-ray 
dose  sav  ultimatelv  prove  fatal.  Hence  the  image  is  recorded  with  the  sample  in  its 
n at  ura  1  st  at e  . 

X-r  iv  microscopy  studies  have  been  performed  for  several  years  at  the  Rutherford 
Appleton  Laboratory3  using  the  high  power  VULCAN  glass  laser.  These  have  been  success 
tul  in  obtaining  good  quality  images  a swell  as  exploring  the  techniques  involved  jn 

c  a n tact  microscopy. 


VULCAN  Class  Laser 


VULCAN  is  a  seven-beam  glass  lasei  system  with  two  synchronised  Nd : YLF  oscillators 
operating  at  a  wavelength  of  l()5.3nm.  The  amplifying  chain  consists  of  a  series  of 
phosphate  glass  rod  and  disk  amplifiers.  The  parameters  of  VULCAN  are  listed  below  in 
Tab  1 e  1  . 


S i x  Beams 

Single  Beam 
Pulse  Lengths 


Wavelengths 


Repetition  Rate 


1 800 J/  Ins 
500 J /100ps 

300J /Ins 
80J /100ps 

70  -  500  ps 
and 

0.7  -  25  ns 
1  0  5  3  n  m 

527nm  (at  50%  energy) 
315nm  (at  50%  energy) 

20  minutes 


Table  1  Laser  Output  Parameters 


Full  power  laser  shots  may  be  fired  every  20  minutes,  this  time  being  governed  by 
the  cooling  requirements  of  the  disk  amplifiers.  In  previous  work  when  full  power 
shots  were  used  for  the  microscopy  studies,  this  long  wait  between  shots  and  the 
unavoidable  conflict  for  laser  time  from  other  users  of  the  facility  meant  both  a  low 
duty  cycle  for  exposures  and  an  uncertainty  in  predicting  when  the  next  shot  would 
occur.  Hence  there  was  a  likelihood  that  a  wet  specimen  might  either  dehydrate  or 
change  state  in  some  fashion  in  the  time  between  loading  and  making  the  exposure. 

The  new  facility  that  has  been  commissioned  avoids  this  problem.  This  target  area 
(called  T A 4 )  does  not  use  full  power  shots  but  is  serviced  by  just  the  rod  amplifiers 
This  allows  a  two  minute  shot  cycle  to  be  operated  into  the  area  yet  still  permitting 
about  20,1  of  infra-red  energy  to  be  delivered  in  pulses  of  l-10ns.  Shorter  pulses  of 
lOOps  duration  may  alternatively  be  used  if  desired.  By  using  the  laser  in  this  way, 
minimum  disruption  is  caused  to  the  other  users  of  VULCAN  while  maintaining  a  high 
repetition  rate  of  exposures. 


The  Target  Chamber 

The  TA4  target  chamber  was  specifically  designed  for  the  area  and  incorporates 
some  features  to  aid  the  microscopist.  The  !601itre  vessel  is  pumped  with  an  Edwards 
t u r homo  1 et u 1  a r  pump  to  obtain  rapid  pumping  times  and  to  maintain  an  o i 1  - va pou r - f r ee 
environment  inside  the  chamber.  This  avoids  contaminating  sensitive  components  like 
the  silicon  nitride  windows  which  are  used  inside. 

The  target  can  be  remotely  moved  in  x,  y  or  z  from  outside  the  chamber.  This 
allows  a  fresh  target  to  be  chosen  for  each  shot.  There  is  also  a  vacuum  feedthrough 
devil e  which  can  insert  specimens  into  the  vessel  without  the  need  to  let  the  chamber 
up  to  atmosphere.  The  source  to  specimen  distance  may  also  be  varied  using  this 
d  o  v  i  r  e  on  ea r  h  shot. 
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The  specimen  holders  (shown  in  F  i  g  .  2  )  contain  the  X-ray-sensitive  photoresist  in 
contact  with  the  sample  with  a  lOOnm  thick  silicon  nitride  entrant  window  for  the 
X-rays.  These  windows  have  a  transmission  of  about  70%  in  the  X-ray  region  of  study, 
These  windows  can  withstand  pressure  differences  of  1  atmosphere. 


0-  RING  SEAL 


lOOnm  THICK 
S'N  WINDOW 


X-  RAYS 


VACUUM 


SPECIMEN 


SI 'RING 


■r.i  Wli-ll 

nr '  im 

fjUl’Pl  'III 


r  on  m  t  lit;  i  ? 

ME  SIS  1 

Fig.  2  Specimen  Holder 

There  is  also  the  facility  for  using  a  grazing-incidence,  toroidal  X-ray  focussing 
optic  (shown  in  Fig. 3).  This  is  useful  as  it  collects  a  larger  flux  of  X-rays, 
focusses  them  onto  the  specimen  and  eliminates  the  problem  of  target  debris  from 
damaging  the  silicon  nitride  window  by  allowing  the  spei  imen  holder  to  be  distant 
from  the  source.  The  grazing  incidence  use  of  the  toroid  also  allows  harder  X-rays 
to  be  eliminated. 


SOURCE 


SPECIMEN 

HOLDER 


TOROIDAL  RELAY 
OPTIC 


300mm 


Fig. 3  X-ray  Focussing  Element 


The  laser  is  focussed  onto  target  using  a  17cm  focal  length,  f/4.25,  BK-7  glass 
plano-convex  lens.  Typical  focal  spot  sizes  range  from  70-lOOijm  in  diameter,  thus 
allowing  intensities  of  1  0  3  W  /  c  m 1  or  more  on  target.  Laser  light  at  the  fundamental 
wavelength  of  10  5 3 n m  is  currently  used  but  there  are  plans  to  frequency  double  the 
light  to  527nm,  thus  obtaining  a  better  conversion  efficiency  into  X-rays. 


Typical  energies  of  one  joule  were  used  for  these  measurements  (the  energy  was 
limited  by  experimental  constraints  on  the  laser).  It  was  found  that  the  flux  was 
too  small  for  the  diode  with  the  Be  filter  to  give  an  adequate,  reproducible  signal 
and  so  only  the  readings  for  the  V  diode  could  be  meaningfully  analysed.  Hence  the 
distribution  curve  is  for  soft  and  hard  X-rays. 

A  curve  was  fitted  to  the  data  points.  It  was  assumed  that  the  source  was  symmet¬ 
ric  about  the  target  normal  and  so  +0  and  -0  were  treated  as  the  same  angle.  The 
curve  follows  a  cosinen  function  with  n=1.14±0.35. 


Imaging  of  Biological  Specimens 

To  obtain  images  of  some  specimens,  a  gold  foil  target  was  placed  normal  to  the 
laser  beam.  The  specimen  holder  was  positioned  at  -30°from  the  target  normal  at  a 
distance  of  18mm.  A  PIN  diode  with  a  0.5um  V  filter  was  placed  at  +30°. 

Using  1J  of  infra-red  energy  in  a  Ins  pulse,  with  intensity  on  target  of  2x10  W/cm*. 
exposures  were  made  of  diatomaceous  earth.  Diode  measurements  were  taken  at  the  same 
time  which  allowed  an  estimate  of  the  X-ray  flux  incident  on  the  specimen  to  be  made. 

Diatoms  were  used  because  they  display  a  range  of  regular  structures  and  have  been 
previously  studied?  Diatom  images  have  also  been  obtained  with  full  power  shots  from 
VULCAN  so  a  qualitative  comparison  could  be  easily  made. 

The  diatom  imag  ,  shown  in  Fig. 6,  were  recorded  without  any  filtering  but  with 
only  a  lOOnm  thick  silicon  nitride  window  in  front  of  the  specimen.  It  was  calculated 
from  the  diode  measurements  that  the  X-ray  flux  incident  on  the  specimen  was  54mJ/cm? 


F  i  g  .  6 


(a)  Scanning  electron  micrograph  of  developed  resist  image  of  part  of  a 
centric  diatom.  Holes  in  frustule  are  approximately  200nm  diameter. 

(b)  Scanning  electron  micrograph  of  an  actual  diatom  frustule. 

(c)  Scanning  electron  micrograph  of  developed  resist  image  of  the  major 
portion  of  the  frustule  of  a  pennate  diatom.  Also  a  fragment  of 
another  frustule  (arrow)  in  which  structures  of  70nm  can  be  resolved. 
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The  resolution  of  the  frustule  in  Fig. 6(c)  is  amongst  the  best  yet  obtained  at  the 
Rutherford  Appleton  Laboratory. These  images  compare  very  well  with  previous  work 
performed  using  full  power  VULCAN  shots 


Additional  Work 


The  versatility  and  ease  of  use  of  this  target  facility  has  allowed  other  work  to 
also  be  performed  there.  A  varied  programme  has  developed  which  has  included  the 
testing  and  development  of  new  spectrometers,  testing  of  CCD  arrays  and  the  measure¬ 
ment  of  reflectivity  of  multilayer  X-rav  mirrors  for  use  in  the  X-ray  laser  research 
program  at  RAL5. 

This  has  meant  that  the  area  now  also  plays  an  important  role  in  supporting  the 
other  experimental  programmes  of  the  VULCAN  laser  as  well  as  being  available  for 
microscopy  research. 


Summary 

A  new  target  area  which  has  been  commissioned  for  the  specific  purpose  of  X-ray 
microscopy  studies  has  been  described.  The  initial  results  presented  show  a  cosine 
distribution  of  X-rays  from  an  aluminium  plasma.  Contact  images  of  diatoms  have  been 
shown  which  exhibit  sub-lOOnm  resolution  and  good  contrast.  These  images,  taken  at 
1  J  energy  levels,  compare  favourably  with  similar  exposures  made  using  full  power 
VULCAN  shots.  This  area  can  now  be  routinely  used  for  microscopy  purposes  with  a  snot 
rate  of  two  minutes.  Programmes  are  being  instigated  that  will  accurately  measure 
the  source  distribution  from  a  number  of  different  z  elements  (Au,  A 1 ,  C  etc.).  It  is 
also  envisaged  that  exposures  in  the  future  will  be  accompanied  by  a  value  for  the 
X-ray  flux  aswell  as  spectral  information  concerning  the  source. 

Higher  energies  than  those  reported  here  have  since  been  used  on  target  (10J  or 
more)  and  so  better  contrast  images  and  more  detailed  X-ray  fluxes  may  now  be 
recorded  . 


Acknowledgements 

We  would  like  to  thank  A.Dammerrel  and  E.Madraszek  for  their  work  on  the  design 
of  the  target  chamber  and  Dr.  P.T.Rumsby  for  his  input  and  support  throughout  the 
w  o  r  k  . 


References 


1.  R.Feder,  V . Ban  t on ,  D. Sayre,  J. Costa,  M. Baldwin,  B.Kim,  Science  22  7,  63  (1984) 

2.  P . Rums  by ,  Journal  of  Microscopy,  138,  3,  p245-265  (1985) 

3.  R. Rosser,  K. Baldwin,  R.Feder,  D. Bassett,  A. Cole,  R. Eason, 

Journal  of  Microscopy,  138,  311  (1985) 

4.  RAL  Annual  Reprt  to  Laser  Facility  Committee  1985,  Sec.  A4.4 

5.  M. Grande,  B . L . Evans,  A.Al-Arab,  N.H.Rizvi,  Shi  Xu,  "Assessment  of  Multilayer 
Mirror  for  X U V  Laser  Use",  presented  at  SPIE  conference  on  X-ray  Multilayer 
Mirrors  at  San  Diego  (1988) 


111 


Observation  of  an  Ionic  Excimer  State  in  RbF 

V.  T.  Gylys ,  D.  G.  Harris,  T.  T.  Yang  and  J.  A.  Blauer 

Rockwell  International-Rocketdyne  Division 
Canoga  Park,  California  91304 


Abstract 

The  results  of  an  investigation  of  ionic  RbF  are  presented.  Based  on  analogy  with 
the  excimer  KrF,  calculations  were  made  to  estimate  the  emission  wavelength  of  Rb^T" 
Experiments  were  then  carried  out  to  measure  the  emission  spectrum.  A  laser  produced 
plasma  was  used  to  excite  RbF.  Fluorescence  emission  was  observed  at  130  nm  and  at  160  nm  . 
There  are  tentatively  assigned  to  the  (B+X)  and  (C--A)  transitions  respectively. 

Introduction 

Most  of  the  work  in  the  development  of  lasers  operating  in  the  extreme  ultraviolet 
(XUV)  and  vacuum  ultraviolet  (VU7)  has  dealt  with  core-excited  atomic  or  excited  ionic 
transitions.  Recently  another  approach  has  been  proposed,  [1]  using  excited  molecular 
species  such  as  ionic  alkali  halide  excimers.  The  ionic  alkali  halide  excimers  (A*+X“) 
are  isoelectronic  in  structure  to  the  well-known  rare  gas  halide  excimers  (RgTC)  and, 
are  predicted  to  emit  in  the  vacuum  ultraviolet  on  the  A2+X“->-A',‘X  transitions.  Sauerbrey 
et  al,  [1]  and  Basov  [2]  have  derived  theoretical  estimates  for  the  interacting  potential 
curves  of  a  number  of  ionic  alkali  halides,  and  from  these  the  corresponding  spectroscopic 
properties  of  these  ionic  alkali  halide  excimers  were  obtained.  The  estimated  radiative 
lifetimes  are  typically  near  1  nsec  or  about  an  order  of  magnitude  shorter  than  the  con¬ 
ventional  rare  gas  halide  systems.  The  cross  sections  for  stimulated  emission  were  esti¬ 
mated  to  be  of  the  order  of  1  x  10 ~16Cm2 . [1] 

This  paper  reoorts  the  observation  of  fluorescence  from  the  Rb^+F”  state  at  131  nm 
using  a  laser-produced  plasma  as  the  excitation  source.  This  emission  has  been  recently 
reported  using  ion  beam  excitation. [3]  In  this  work  spectroscopic  and  time-resolved 
fluorescence  intensity  measurements  were  made.  In  addition,  the  dependence  of  the  ionic 
excimer  emission  on  RbF  vapor  pressure  is  reported.  Using  a  Rittner  potential[4]  for  the 
upper  state  and  a  Born-Mayer  Potential[5]  for  the  repulsive  interation,  the  emitted  wave¬ 
length  was  predicted  to  be  between  115  to  130  nm  for  the  Rb^F"  to  Rb+F  transition.  The 
potential  curves  for  the  RbF  system  are  shown  in  Figure  1.  Analogous  to  the  rare-gas 
halide  excimers,  the  emitted  continua  should  also  exhibit  a  fine  structure.  The  strongest 
emission  intensities  are  due  to  the  B  -*  A  and  C  -*•  A  transitions. 

Experimental  Apparatus 

in  these  experiments,  a  heatoipe  cell  operated  between  850°C  and  1050°C  was  used  to 
produce  RbF  vanor  pressures  of  several  Torr  in  a  buffer  gas  of  He.  The  heatpipe  cell  was 
connected  directly  to  a  lm  VUV  monochromator.  The  monochromator  was  flooded  with  helium 
and  maintained  at  the  same  pressure  as  the  heatpipe.  The  RbF  vapor  pressure  was  controlled 
by  the  He  buffer  gas  pressure  and  the  temperature  of  the  heatoipe. [7] 

The  heatpipe  cell  used  to  produce  the  RbF  vapor  was  built  from  inconel  allowing  safe 
operation  of  the  cell  up  to  1100°C.  It  consisted  of  four  arms  arranged  as  shown  in  Figure  2, 
each  about  28cm  long.  A  fifth  arm  extended  perpendicularly  with  respect  to  the  plane  de¬ 
fined  by  the  four  arms  shown.  Three  of  the  arms  are  closed  with  AI2O3  windows.  The  window 
where  the  laser  was  injected  was  slightly  tilted  in  order  to  avoid  back-reflections  into  the 
laser  cavity  that  might  damage  the  output  coupler  of  the  amplifier.  Visual  inspection  of 
the  target  was  possible  through  both  the  vertical  arm  and  the  arm  opposite  the  monochroma¬ 
tor.  A  tantalum  target  was  mounted  on  a  hollow  inconel  tube  containing  an  electric  heater 
to  prevent  condensation.  The  target  rod  was  rotated  by  an  electric  motor  to  provide  a  new 
target  surface  on  successive  shots. 

The  temperature  distribution  on  the  outside  of  the  cell  was  monitored  by  25  thermo¬ 
couples  (5  on  each  arm).  The  cell  was  heated  by  ceramic  heaters  encased  in  a  block  of 
thermal  insulation.  A  photomultiplier  with  a  sodium  salicylate  scintillator  was  used  as  a 
detector.  The  rise-time  of  this  detector  was  about  5ns.  Single-shot,  temporally  resolved 
observation  of  the  fluorescence  was  possible  using  a  1GHz  scope  fitted  with  a  digitizing 
camera  system  and  connected  to  enlEM-PC. 
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A  nlasma  was  produced  bv  focussing  the  output  of  a  KrF  laser  on  to  a  rotating 
tantalum  target  located  inside  the  heatpipe  cell.  The  KrF  laser  provided  a  750mJ  pulse 
with  a  25ns  pulse  width  at  248nm  in  a  1.5  x  3cm2  rectangular  mode.  For  most  of  the  experi¬ 
ments,  the  laser  was  operated  at  a  l-5Hz  pulse  repetition  frequency.  The  laser  beam  was 
focussed  by  a  quartz  lens  with  a  focal  length  of  50cm  at  248nm.  The  spot  size  in  the  focus 
was  approximately  square  with  sides  less  than  100  „m  in  length.  The  corresponding  power 
density  was  approximately  10-‘-'-Wcm~2  in  the  focus.  The  soft  x-ray  radiation  emitted"  from 
the  laser  produced  plasma  propagated  into  the  surrounding  RbF  vapor,  producing  inner  shell 
ionized  Rb^F"  and  hot  electrons.  The  hot  electrons  may  also  produce  Rb++F~  by  direct 
impact  ionization. 


Results 


The  emission  spectrum  between  lOOnm  and  200nm  for  an  RbF  vapor  pressure  of  2.8  Torr 
is  shown  in  Figure  4a.  The  spectum  was  obtained  using  the  experimental  arrangement  shown 
in  Figure  3.  The  monochromator  grating  was  scanned  while  the  PMT  signal  was  recorded  on 
a  chart  recorder.  A  box-car  integrator  with  a  50ns  gate  was  employed  to  eliminate  fluores¬ 
cence  due  to  plasma  recombination.  For  comparison,  a  background  spectrum  obtained  in  a 
cold  cell  with  2.8  Torr  of  helium  is  shown  in  Figure  4b.  Emission  peaks  at  121,  131,  157, 
160  and  164  are  observed.  The  121  and  164nm  emissions  are  due  to  well-known  He  II  transi¬ 
tions.  The  fluorescence  at  157nm  is  attributed  to  excited  Fjji  emission.  The  strong  peak  at 
130. 4nm  is  believed  to  correspond  to  the  B-X  transition  in  RbF.  The  estimated  wavelength 
range  of  1 1 5nm  -  130nm  seen  in  Figure  1  is  in  good  agreement  with  the  experimentally  obser¬ 
ved  value.  The  fluorescence  wavelength  is  also  identical  within  experimental  uncertainty 
to  that  recently  reported  by  Steigerwald  and  Langhoff[3]  where  ion-beam  excitation  was  used. 

Interpretation  of  the  peak  at  160nm  is  somewhat  complicated  because  this  emission  is 
overlapped  by  the  157nm  F2  and  164nm  He  II  emission  peaks.  However,  it  appears  that  the 
160nm  emission  originates  from  RbF.  With  no  known  lines  at  this  wavelength  one  can  tenta¬ 
tively  assign  this  broadband  emission  to  the  C  -  A  transition.  Kr+F~  ,  which  is  the  analogous 
isoe lectronic  rare  gas  halide  excimer  molecule  to  RET+F" ,  has  a  B-*X  transition  wavelength 
of  248nm  and  a  broadband  C-A  transition  centered  around  285nm.  The  existence  of  B  -*•  X  and 
C  -A  transitions  in  both  RbF  and  KrF  may  imply  that  ionic  RbF  is  not  only  isoelectronic  to 
KrF,  but  also  has  a  very  similar  molecular  structure.  The  emission  spectrum  shown  in 
Figure  4a  was  not  corrected  for  grating  efficiency.  When  the  correction  is  included,  the 
magnitude  of  B  •  X  is  expected  to  be  much  higher  than  that  of  C -*■  A. 

The  time- resolved  fluorescence  intensity  at  130. 4nm  is  shown  in  Figure  5.  The 
emission  exhibits  a  temporal  width  of  about  38ns.  This  is  about  the  same  observed  by 
Kubodera  et  al[8]  for  trie  ionic  Cs4+F"  excimer  transition. 

The  RbF  pressure  dependence  of  the  130.  Anm  B  'X  and  160nm  C  A  fluorescence  was  also 
investigated.  Results  obtained  for  RbF  vapor  pressures  of  2,  4,  and  6  Torr  are  shown  in 
Figure  6.  There  was  no  reduction  of  the  B  -  X  fluorescence  intensity  up  to  the  6  Torr  of 
RbF  vapor  pressure  studied.  This  suggests  that  the  fluorescence  is  not  significantly 
influenced  by  se If -absorption  of  the  RbF  vapor  or  by  electron  quenching  between  2  and 
6  Torr. 


Conclusion 


The  soft-x-rav  apparatus  has  allowed  a  survey  to  be  made  of  the  spectroscopic 
properties  of  ionic  RbF.  It  is  believed  that  electron  beam  pumping  will  more  easily 
demonstrate  scalability  of  this  system. 
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Figure  l. 


fneHh++P-a8Mm  f0r  excitation  and  emission  process 
in  Rb  F  .  Using  a  Rittner  potential  for  an  upper  state 
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enH  f  way^Ie»gth“as  predicted  to  be  between  225nm 
and  130nm  for  the  Rb++F-  to  Rb+F  transition. 
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Figure  2.  Schematic  of  the  heatpipe  cell.  The  heatpipe  consists  of  five  arms. 
Four  of  the  arms  lie  in  the  plane  of  the  paper.  A  fifth  arm  is 
perpendicular  to  the  others  and  was  used  for  viewing  the  target. 
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Figure  3.  Experimental  schematic.  A  plasma  was  generated  by 
focussing  the  output  of  a  KrF  excimer  laser  on  to  a 
rotating  tantalum  target  inside  a  heatpipe.  The  soft 
x-rays  emitted  from  the  laser  produced  plasma  propa¬ 
gated  into  the  surrounding  RbF  vapor  causing  photo¬ 
ionization.  The  subsequent  fluorescence  in  the  VUV 
is  dispersed  by  a  spectrometer  and  recorded. 


RbF  PRESSURE  4  TORR 
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Figure  4a.  Emission  spectrum  from  laser-produced-plasma-excited  RbF  vapor 
taken  between  100  nm  and  200  ntn. 


WAVELENGTH/NM 


Figure  4b.  Emission  spectrum  from  laser-produced-plasma-excited  He  taken 
between  100  nm  and  200  nm . 
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TIME  RESOLVED  FLUORESCENCE  STUDIES  OF  THE  XeF  C-A  TRANSITION  IN  AVALANCHE  DISCHARGES 
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Tatsuhiko  Sakai* 
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Abstract 

Time  resolved  fluorescence  measurements  have  been  obtained  for  the  C-A  and  B-X 
transitions  of  XeF.  We  discuss  the  behavior  of  the  fluorescence  spectra  in  terms  of 
relative  concentrations  of  different  components  of  l  h  e  gas  mix  and  compare  the 
fluorescence  intensities  with  preliminary  gain  measurements. 

INTRODUCTION 

Recent  successes  in  electron  beam  purape^  XeF  C-A  transition  lasers  in  the  blue-green 
spectrum  in  both  short  pulse  and  long  pulse  formats  have  stirred  renewed  interest  in  the 
possibility  of  obtai nii^g^simi lar  performance  in  avalanche  discharge  devices.  In  a  series 
of  experiments  in  1979  ’  it  was  shown  that  while  C-A  lasing  is  possible  in  avalanche 
discharges,  the  lasing  was  very  weak  and  continuous  tuning  could  not  be  achieved  due  to 
various  absorptions  from  atoms  and  molecules.  Through  the  use  of  very  complicated  five 
component  gas  mixtures  the  Rice  University  and  United  Technologies  effort  was  able  to 
preferentially  induce  C-A  state  lasing  over  the  B-X  state.  Further,  under  intense  short 
pulse  e-beam  pumping  absorption  was  observed  during  the  time  of  energy  deposition  and  gain 
only  took  place  in  the  afterglow.  The  long  pulse  e-beam  deposition  format  at  AVCO  showed 
that  it  is  possible  to  sustain  gain  in  the  C-A  transition  for  a  long  time  under  power 
deposition  levels  of  200  kv/cc .  However,  under  these  conditions  it  took  over  300  ns  to 
reach  lasing  threshold.  The  questions  for  successful  discharge  excitation  are  therefore 
quite  involved.  First,  there  is  the  consideration  of  whether  reasonable  discharges  are 
sustainable  in  these  complicated  gas  mixtures.  Second,  under  what  power  deposition  levels 
will  we  see  absorption  and  for  how  long  does  this  absorption  last.  Thirdly,  what  are  the 
obtainable  gain  under  different  excitation  power  levels  and  for  what  period  of  time  can 
this  gain  be  sustained.  We  have  used  presently  available  discharge  devices  with  minimal 
modifications  to  address  these  issues  at  different  power  loadings  through  the  study  of 
time  resolved  fluorescence  data  and  gain-loss  data.  These  studies  serve  to  address  exactly 
what  type  of  device  need  to  be  built  for  it  is  not  clear  whether  a  short  pulse  high  gain 
or  a  lower  gain  long  pulse  format  is  the  best  approach.  This  presentation  will  concentrate 
on  the  fluorescence  data  studies  at  power  deposition  levels  in  the  region  of  3MW/cc  . 
Extensive  gain-loss  data  have  been  obtained  now  in  devices  from  lMW/cc  to  5MW/cc,  however, 
we  only  compare  data  from  the  3MW/cc  power  deposition  level  corresponding  to  the 
fluorescence  studies  presented  here. 

Fluorescence  Measurements 

Time  resolved  fluorescence  measurements  are  obtained  on  the  B-X  and  C-A  frequency 
region  of  XeF  as  well  as  the  B-X  fluorescence  region  of  KrF  due  to  the  presence  of  large 
amounts  of  krypton  in  the  four  component  gas  mixtures  used  in  these  studies.  The 
fluorescence  pulse  widths  and  peak  fluorescence  of  the  C-A  state  represent  the  population 
behavior  of  the  C  state.  However,  these  same  parameters  from  the  B-X  fluorescence  do  not 
accurately  represent  B  state  population  evolution  as  much  of  the  gathered  light  is  of  a 
su pe r f 1 uorescen t  nature  at  low  krypton  partial  pressures.  This  tends  to  greatly  enhance 
the  peak  intensity  and  narrow  the  pulse  width.  Figure  1  gives  a  schematic  of  the 
experimental  setup.  Great  care  have  been  used  to  make  sure  the  fluorescence  were  measured 
in  the  linear  region  of  the  detection  system  and  the  comparison  of  the  different  gas 
mixtures  are  believed  to  be  gcod  to  within  5%.  The  detectivity  of  the  optical  system  have 
been  calibrated  with  a  standard  lamp  and  all  data  have  be  renormalized  with  respect  to 
this  calibration. 

FUSE? 


Figure  1.  Experimental  set-up  of  fluorescence  experiment 
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Figure  2  plots  the  B-X  and  C-A  peak  intensities  as  a  function  of  fluorine 
partial  pressure  for  various  buffer  gases.  Note  that  optimum  C-A  fluorescence  peaks  at 
different  fluorine  partial  pressures  with  different  buffers  and  do  not  necessarily  peak  at 
the  same  pressure  as  the  B-X  superfluorescence.  In  our  studies  of  time  resolved 
fluorescence  under  conditions  of  different  krypton  partial  pressures  we  have  chosen 
mixtures  with  5  and  10  torrs  of  fluorine  and  10  torrs  of  xenon.  It  is  necessary  to 
establish  that  we  can  sustain  reasonable  discharges  with  substantial  amounts  of  krypton  in 
the  gas  mix  because  in  electron  beam  pumped  systems  krypton  is  believed  to  have  many 

beneficial  effects.  These  include  quenching  of  absorbers  in  the  blue-green,  creation  of 

absorbers  in  the  ultraviolet,  beneficial  formation  kinetics  to  the  C  state  due  to 

increased  mixing  of  the  upper  laser  levels  and  contribution  to  the  net  gain  due  to  Kr^F 

formation. 
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Figure  2.  Plot  of  B-X  and  C-A  peak  intensities  as  a  function  of  fluorine  partial 
pressure  for  buffer  gases  (a)helium,  (b)neon,  and  (c)  argon 


Figure  3  gives  the  peak  fluorescence  signals  at  KrF  (B-X),  XeF(B-X)  and  (C-A) 
wavelengths  as  a  function  of  krypton  partial  pressure  with  10  torrs  Xe  and  5  torrs  F_  in 
43  psia  of  He  and  N’e  buffer  and  in  15  psia  of  Ar  buffer.  Similar  sets  of  data  are  obtained 

for  55  psia  He  and  Ne  buffer  pressures  and  20  psia  Ar  buffer  pressure  as  well  as  at 

different  charging  voltage  levels.  The  data  shows  that  at  the  3  MW/cc  power  deposition 

level  and  at  power  deposition  times  of  25ns  very  good  avalanche  discharges  are  possible  up 

to  300  torrs  of  krypton.  Absorber  built  up  at  the  B-X  transition  wavelengths  are  seen  to 
be  very  significant  as  the  B-X  su pe r f 1 u o r esc enc e  signals  dropped  by  more  than  four  orders 

of  magnitude  as  the  krypton  partial  pressure  was  increased  while  the  C-A  fluorescence 

decreased  minimally.  We  feel  that  this  also  tended  to  show  that  in  a  self  sustained 

discharge  the  increased  mixing  between  the  C  and  B  states  due  to  krypton  has  little  effect 

in  increasing  the  population  of  the  C  state  at  the  expense  of  the  B  state  as  the  electron 
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Figure  3.  Peak  fluorescence  signals  at  KrF(B-X),  XeF(B-X)  and  XeF  (C-A) 
wavelengths  as  a  function  of  krypton  partial  pressure  with  10  torrs  xenon  and  5 
torrs  ?2  with  (a)  helium  ,  (b)  neon,  (c)  argon  buffers. 
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temperatures  are  much  hotter  than  the  room  temperatures  assumed  in  the  afterglow  of  the 
short  pulse  e-beam  excitation  situation. 


In  Fig. 4  the  data  are  plotted  with  all  three  buffers  together  at  selected 
wavelengths.  We  see  that  the  addition  of  krypton  appears  to  contribute  to  a  decrease  in 
the  population  of  the  C  state.  The  effect  is  most  pronounced  in  He  buffer  and  least  in  Ar. 
This  is  attributed  to  more  significant  changes  in  the  electron  temperature  in  the  case  of 
the  very  light  helium  buffer  to  much  smaller  change  in  Ar  as  Ar  and  Kr  are  closest  in 
their  atomic  weights  and  in  the  energy  separation  of  the  metastable  and  resonance  trapped 
lowest  excited  states.  The  change  in  electron  temperature,  therefore,  translates  to 
changes  in  the  upper  state  formation  rates.  The  anomalous  rise  in  the  fluorescence  in  Ne 
and  Ar  buffer  at  the  peak  of  the  C-A  fluorescence  at  480nm  is  attributed  to  increased 
vibrational  relaxation  due  to  collisions  with  krypton.  This  fact  becomes  evident  when  we 
plot  the  full  width  at  half  maximum  intensity  of  the  C-A  fluorescence  band  in  the 
different  buffers  in  Fig.  5.  Especially  in  the  case  of  neon  buffer  we  see  that  vibrational 
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Figure  4.  Peak  fluorescence  data  plotted 
as  a  function  of  krypton  pressure  for 
different  buffers,  helium,  neon  and  argon 
at  four  distinct  wavelengths 
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Figure  5.  Fluorescence  full  spectrum 
bandwidth  plotted  as  a  function  of 
krypton  partial  pressure  for  different 
buffers  (He,  Ne  and  Ar) 


relaxation  is  very  small  in  the  absence  of  krypton.  A  close  examination  of  Fig. 3  shows 
that  indeed  the  larger  linewidth  is  due  to  higher  emission  in  the  shorter  wavelength 
region  of  the  C-A  transition  spectrum.  The  curves  also  indicate  very  little  Kr^F 
fluorescence  in  enhancing  the  gain  in  the  shorter  wavelength  region  of  the  C- A  em i ss i on . 


Comparison  is  made  in  Fig. 6  for  the  case  when  the  same  total  pressure  of  15  psia  is 
used  for  all  buffers.  There  is  a  factor  of  two  difference  in  the  fluorescence  intensity 
between  He  and  Ar  buffers.  In  Fig.  4  where  the  He  pressure  is  three  times  that  of  Ar, 
there  is  a  factor  of  four  difference  in  the  fluorescence  intensities.  It,  thus,  may  be 
beneficial  to  operate  with  Ar  buffer  at  three  times  the  present  pressure.  This  would  also 
result  in  the  need  for  much  higher  operational  voltages  which  should  also  increase  the 
power  deposition  giving  an  additional  benefit.  Such  a  discharge  device  may  result  in 
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Figure  6.  Peak  fluorescence  as  a  function  of  wavelength 
for  helium,  neon  and  argon  buffers  at  15  psia.  Partial 
pressures  are  10  torrs  xenon,  5  torrs  F£  and  0  torr  Krypton. 
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improved  performance  for  the  C - A  laser  as  incorporation  of  large  amounts  of  krypton  showed 
very  little  degradation  in  the  C - A  fluorescence  with  argon  buffer. 


Comparison  with  gain  measurements 


Small  signal  gain  measurements  have  been  made  with  an  argon  ion  laser  and  a  flashlamp 
pumped  dye  laser  on  devices  with  power  deposition  levels  of  1  MW/cc  and  3  MW/cc.  Figure  7 
gives  trie  curve  for  the  single  pass  gain  from  a  1  MW/cc  discharge  of  93  cm  gain  length. 
Similar  curves  are  seen  for  measurements  at  the  3MW/cc  as  well.  There  is  an  initial  loss 
followed  by  a  period  of  gain  which  starts  in  the  middle  of  energy  deposition  and  continues 
into  the  afterglow  of  the  discharge.  This  gain  generally  lasts  some  50ns.  The  measured 
gain  for  the  3M'v.'/cc  power  deposition  device  is  shown  in  Fig.  8  for  the  same  mixture  as 
that  given  for  fluorescence  in  Fig.  4  .  The  measured  total  gain  is  the  round  trip  gain  from 
a  40cm  gain  length  device.  The  best  gain  is  measured  in  helium  buffer  with  zero  krypton 
and  translates  to  gains  over  lj/cm.  Note  that  the  gain  follows  closely  the  peak 
fluorescence  data  of  Fig. 4. 
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Figure  7.  Typical  time  evolution  of 
C-A  gain  476.5  nm)  and  B-X 
fluorescence  as  a  function  of  time 
in  1 MW/cc  power  deposition  device. 


Figure  8.  Total  round  trip  gain 
as  a  function  of  krypton  partial 
pressure  for  helium,  neon  and  argon 
buffers. 


Discussion 

Detailed  fluorescence  and  small  signal  gain  measurements  show  that  the  best  laser  gas 
mix  using  F ^  alone  as  the  halogen  donor  is  in  helium  buffer  without  krypton.  In  neon  as 
well  as  argon  buffer  the  strongest  fluorescence  at  the  peak  of  the  C-A  fluorescence 
(4S0nra)  is  at  200  torrs  of  krypton.  This  is  attributed  to  the  increased  vibrational 
relaxation  of  the  C  state  in  the  presence  of  krypton.  The  measured  gain  in  argon  appears 
to  continue  to  rise  with  respect  to  increasing  krypton  pressure  although  the  fluorescence 
has  began  to  drop  after  200  torrs  of  krypton.  This  maybe  attributed  to  the  increasing 
quenching  of  argon  based  absorbers  as  in  the  case  of  electron  beam  pumped  systems.  At 
wavelengths  away  from  the  peak  fluorescence,  the  highest  intensities  in  neon  and  argon 
buffers  are  at  zero  torrs  of  krypton.  However,  the  very  strong  quenching  of  the  B-X 
s u pe r f  1  uo r e sc e nc e  may  still  favor  discharges  with  krypton  additive  for  best  laser 
operation  in  the  C-A  state. 

25  30 

To  achieve  strong  laser  oscillation  one  in  general  need  to  reach  e  to  e  to  reach 
saturation  of  the  transition.  This  gives  us  a  gauge  as  to  the  needed  improvements  with 
respect  to  present  discharge  systems.  One  wcjjjld  like  to  reach  saturation  in  a  time  short 
compared  to  the  total  gain  time.  To  reach  e  with  1%  gain  per  cm  one  needs  83ns  gain 
length  and  with  50ns  gain  length  one  needs  1.7%  gain  per  cm.  Thus,  we  are  some  factor  of 
three  to  four  away  with  these  devices  from  really  strong  lasing  outputs. 
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Abst  ra  ct 


The  photolysis  of  XeF.,  at  193  nm  has  been  used  as  a  source  of  ground  electronic  state 
XeF(x,v")  for  studies  or  vibrational  relaxation  and  collisional  dissociation  of  the  lower 
level  of  the  XeF(B  ♦  X)  laser  at  X  =  350  nm.  The  time  dependent  conceit  rat  i  ons  of 
XeF(X,v")  were  monitored  in  absorption  using  a  cw,  frequency-doubled  ring  dye  laser  as  a 
probe.  The  XeF(X)  vibrational  manifold  was  observed  to  undergo  fast  vibrational  equili¬ 
bration  followed  by  slower  collisional  dissociation.  For  the  first  time,  the  actual  lower 
vibrational  levels  of  XeF(8  X)  laser  transitions  were  studied.  In  addition,  the  tem¬ 
perature  dependence  of  the  dissociation  rate  was  measured  between  293  and  368  K.  Finally, 
various  collision  partners  for  XeF(X,v“)  were  studied. 

Int  roduct i on 


The  efficient  operation  of  the  XeF  excimer  laser  depends  critically  on  the  rate  of  dis¬ 
sociation  of  the  weakly  bound  XeF(X)  ground  electronic  state.  Unlike  the  KrF  and  ArF  rare 
gas  halide  exciiaers  whose  ground  state  are  essentially  repulsive,  XeF(X)  has  a  signifi¬ 
cant  (~  1100  cm-1)  binding  energy  permitting  approximately  eight  bound  vibrational  levels 
[Fig.  1].  Both  vibrational  relaxation  (i.e.,  V  +  T)  and  collisional  dissociation  pro¬ 
cesses  play  a  role  in  removing  population  from  the  lower  laser  levels.  The  rates  of  these 

processes  must  exceed  the  rate  of  lower 


Figure  1.  Partial  Potential  Energy  Diagram 
of  the  XeF  Molecule. 


results  of  Wilkins6,7  who  performed 
between  XeF(X,v")  and  He  or  Ne. 


state  production  by  quenching,  spontaneous 
and  simulation  emission  in  order  to  prevent 
premature  termination  of  laser  action.  For 
these  reasons,  as  well  as  others,  the 
XeF(B  +  X)  laser  operates  best  at  both  ele¬ 
vated  pressure  (~  3  atm)  and  elevated  tem¬ 
perature  (~  425  K).  The  present  study  pro¬ 
vides  detailed  measurements  that  isolate 
the  effect  of  ground  state  removal  on  laser 
performance . 

In  a  conceptually  similar  experiment, 
Fulghum  et  a  1  .  » 2  measured  XeF(X)  kinetics 
for  v"  =  O’,  and  1  at  room  temperature  and 
developed  a  model  fj)r  the  V  +  T  and  disso¬ 
ciation  processes.  Since  the  typical 
lower  vibrational  levels  in  the  laser 
device  are  v"  =  2-4,  extrapolations  of  this 
model  were  required  both  in  vibrational 
quantum  number  and  temperature.  By  con¬ 
trast,  the  present  study4,6  has  used  detec¬ 
tion  methods  which  give  improved  data  for 
the  fast  processes  leading  to  vibrational 
equilibration.  Although  state-to-state 
rate  coefficients  are  not  measured,  data 
were  obtained  on  an  extended  set  of  vibra¬ 
tional  levels  (v"  =  0-4)  permitting  us  to 
better  constrain  any  model  that  encompasses 
both  the  V  -  T  and  the  collisional  dis¬ 
sociation  processes  at  the  state-to-state 
level.  The  present  study  is  compared  with 
the  model  of  Fulghum  et  a  1 .  and  with  the 
classical  trajectory  calculations  of  collisions 


Experi mental 

The  apparatus  used  to  study  the  t i me -res ol ved  kinetics  of  XeF(X,v")  is  shown  in  Fig. 
2.  The  molecule  XeF2  is  employed  as  a  photolytic  precursor  for  XeF(X).  Although  photo¬ 
lysis  at  ^  =  248  nm  provides  insufficient  energy  to  produce  XeF(B)  directly,  Huestis  and 
coworkers8  have  demonstrated  that  XeF(B)  is  produced  by  secondary  pumping. 
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XeF2  +  h  v  (248  nm)  ♦  XeF(X)  +  F 
XeF(X)  +  hv  (248  nm)  +  XeF(D) 
XeF(D)  +  M  +  XeF(B.C)  +  M 


(1) 

(2a) 

(2b) 


Photolysis  at  X  =  133  nm  can  produce  XeF(8)  directly,  although  the  quantum  yield  is 

thought  to  be  small. 

XeF  2  +  hv  (193  nm)  *  XeF(B.X)  +  F  (3a) 

XeF(B)  +  X  e  F  (  X , v  " )  +  hv  (~  350  nm)  (3b) 


Under  our  experimental  conditions,  the  quantum  yield  of  observable  XeF(X)  appears  to  be 
small  as  well.  Thus,  the  dominant  channel  appears  to  be 

XeF  2  +  hv  (193  nm)  -  [XeF]*  +  F  >  Xe  +  2F  (4) 

where  [XeF]*  is  a  very  short  lived  species  [perhaps  including  XeF(X,v"  >  5)].  Photolysis 
at  either  wavelength  results  in  a  great  deal  of  background  fluorescence  (both  discrete  and 
continuous)5  on  the  XeF(B  +  X)  transition  when  XeFo  is  photolyzed  by  a  conventional  (Lamba 
Physik  EMG  101)  discharge-pumped  excimer  laser.  This  fluorescence  precludes  measurements 
by  cw  laser-induced  fluorescence  using  the  probe  source  described  below.  Thus,  the 
experiments  were  done  by  t i me -resol ved  laser  absorption. 


Figure  2.  Schematic  of  the  Apparatus  for  Ti me -Resol ved  Absorption  Studies. 


The  probe  laser  was  a  frequency -doubled  ring  dye  laser  (Coherent  CR  699-21)  pumped  by 
either  an  Ar+  ion  laser  (Innova  100)  or  Kr+  ion  laser  (CR  3000  K).  The  former  source 
employed  DCM  Special  dye  and  operated  (after  doubling)  between  320  and  345  nm.  The  latter 
employed  Rhodamine  700  and  operated  (after  doubling)  at  X  >  350  nm.  The  wavelength  of  the 
dye  prior  to  doubling  was  measured  with  a  Burleigh  Model  WA-20  wavemeter  with  an 
equivalent  accuracy  near  350  nm  of  0.0005  nm.  The  XeF  Doppler  width  of  each  vibronic  line 
is  ~  0.00032  nm.  The  probe  beam  is  counter  propagated  with  respect  to  the  ArF  photolysis 
beam.  As  shown  in  Fig.  2,  the  probe  beam  is  transmitted  by  the  193  nm  turning  mirror, 
spatially  filtered  to  remove  B  ♦  X  fluorescence,  and  propagated  approximately  2  m  to  a 
grating  monochromator  which  provides  further  spectral  isolation  of  the  narrow  llnewidth  cw 
probe.  The  beam  is  detected  by  a  1P28  phototube;  the  signal  is  amplified,  digitized  by  a 
fast  transient  recorder  and  stored  in  a  DEC  11/23  microcomputer  for  analysis.  The  overall 
response  time  of  the  system  is  comparable  to  the  15  nsec  pulse  width  of  the  ArF  photolysis 
laser. 
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Results  and  Discussion 


In  the  photodissociation  process  described  by  Eq.  (3),  a  "nascent"  vibrational  distribu¬ 
tion  is  produced  in  the  XeF(X)  v"  manifold  by  a  combination  of  direct  production  and  rad¬ 
iation  from  the  B  state.  A  simplified  state  diagram  of  the  XeF  molecule  is  shown  in  Fig. 
1.  That  nascent  vibrational  distribution  is  modified  by  collisions  with  the  parent  XeF2 
or  with  the  added  collision  partner. 

XeF(X,v")  i  H  ;  XeF ( X  ,  v “  +  1)  +  M  (5) 

XeF(X,v")  +M+Xe+F  +M  (6) 

Only  single  quantum  vibrational  transfer  is  represented  in  Eq.  (5);  however,  trajectory 
calculations  do  show  some  contribution  from  multiquantum  processes. 
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'a)  XeF(v"  =  0)  in  0.25  Torr  of  X  e  F  P  and 
4.47  Torr  of  He. 


(b)  XeF  ( v "  =  3)  in  0.25  Torr  of 
XeF2  and 

Figure  3.  Time  Histories  of  the  XeF(X,v")  Density, 


XeF.,  and  7.2  Torr  of  N2, 


These  processes  can  be  seen  to  operate  in  the  data  presented  in  Figs.  3(a)  and  3(b). 
XeF(X,v"  =  0)  is  produced  promptly  (x  ~  50  nsec)  by  Processes  (3a)  and  (3b).  Vibrational 
levels  v"  =  0  and  1  are  underpopul at  ed  with  respect  to  a  Boltzmann  distribution;  thus,  at 
short  times,  collisions  with  the  bath  gas  [He  in  Fig.  3(a)]  cause  the  population  to  in¬ 
crease  by  cascading  from  high  v"  levels.  Vibrational  levels  v"  =  3  and  4  are  over- 
popul ated  at  short  times  [Fig.  3(b)]  and  collisions  [with  N2  in  Fig.  3(b)]  produce  a  fast 
relaxation  spike.  At  longer  times,  all  vibrational  levels  observed  in  this  study  relax 
with  a  single  exponential  time  constant.  This  decay  rate  represents  a  state-averaged 
collisional  dissociation  rate  of  XeF(X),  i.e..  Process  (6).  The  short-time  behavior  is 
determined  by  vibrational  equilibration  processes  represented  by  Process  (5)  and  its 
reverse.  Although  Figs.  4(a)  and  4(b)  show  that  the  vibrational  equilibration  rate  and 
the  collisional  dissociation  rate  can  be  empirically  described  as  single  exponential 
functions,  it  must  be  stressed  that  state-to-state  rate  coefficients  can  be  obtained  only 
by  modeling  these  data.  Table  I  summarizes  all  the  room  temperature  data  as  a  function  of 
vibrational  level  and  collision  partner.  Both  the  vibrational  equilibration  rates  and  the 
collisional  dissociation  rates  are  extremely  similar  for  all  the  rare  gases.  These  rates 
are  significantly  larger  for  N2,  C02  and  SFg  and  much  larger  for  the  parent  XeF2  as 
collisionpartners. 

Because  the  XeF  laser  operates  more  efficiently  at  elevated  temperature,  the  dependence 
of  the  collisional  dissociation  rate  on  temperature  was  measured  for  the  collision 
partners  He  and  Ne.  Between  293  and  368  K,  the  data  could  be  fit  by  a  simple  Arrhenius 
form  (Fig.  5),  k  =  A  T'0*5  exp(-E/RT).  A  least  squares  fit  to  the  data  gives  E  =  1077 
cm"1,  whdch  can  be  compared  to  the  spectroscopic  value  of  the  dissociation  energy  of 
1062  cm'1.  Thus,  it  appears  that  the  molecule  undergoes  a  unimolecular  dissociation  with 
no  significant  barrier  in  the  exit  channel. 
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BUFFER  GAS  PRESSURE,  Torr 

(a)  XeF(X,v"  =  0)  vs  He  (squares)  and  Ne 
(triangles)  Pressure  at  T  =  22°C. 

Figure  4.  Rates  of  XeF(X,v")  Vibrational 
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(b)  XeF(X,v"  =  1)  vs.  Ne  Pressure 
at  T  =  26°C. 

Relaxation  and  Collisional  Dissociation. 


Table  I.  Rate  Coefficients  for  the  Various  Collision  Partners  (T  =  295  K) . 

oll1s1on  v  Dissociation  Rate  Coefficient  Relaxation  Rate  Coefficient 

Partner  10  (sec-Torr)-J  cm 3/mo 1 ec . sec  105  (sec-Torr)'1  Cm3/mo lec.sec 


He 

0-4 

2.0 

+ 

0.2 

6.3E  - 

13 

3.0 

+ 

0.4 

9.3E 

-  12 

Me 

0-4 

2.0 

+ 

0.2 

6 . 2  E  - 

13 

3.0 

+ 

0.4 

9.3E 

-  12 

Ar 

0,1 

2.5 

+ 

0.2 

7.7E  - 

13 

Kr 

3 

1.6 

+ 

0.2 

4.9E  - 

13 

2.8 

+ 

0.3 

8. 7E 

-  12 

Xe 

3 

1.6 

+ 

0.3 

4.9E  - 

13 

2.8 

+ 

0.6 

8.7E 

-  12 

n2 

3 

4.1 

+ 

0.5 

1.3E  - 

12 

8.  8 

+ 

1.2 

2. 7E 

-  11 

SF6 

0 

6.1 

+ 

0.6 

1.9E  - 

12 

co2 

3 

6.8 

+ 

1.0 

2. IE  - 

12 

19 

+ 

2 

5.8E 

-  11 

XeF  2 

0-4 

50 

+ 

7 

1.5E  - 

11 

70 

+ 

10 

2.2E 

-  10 

The  results  of  this  study  can  be  compared  with  the  semi -empi ri ca  1  model  of  Fulghum 
11  iJ_.  and  W1th  the  recent  trajectory  studies  of  Wilkins.6*7  The  most  significant 
departure  from  the  Fulghum  study  surrounds  the  vibrational  equilibration  rates.  Our  data 
(Table  I)  for  He  and  Ne  give  a  rate  approximately  seven  times  larger  than  that  of  Fulghum 
Ull..  The  faster  rate  seems  plausible  in  that  the  spacing  between  v'  *  0  and  1  is 
approximately  kT  [205  cm  )  at  room  temperature.  It  is  interesting  to  note  that  the 
vibrational  dependence  of  the  V  -  T  rate  coefficients  and  the  collisional  dissociation 
rate  coefficients  is  quite  similar  between  the  modeling  of  Fulghum  et  al.  and  the  Wilkins' 
calculation  (Fig.  6);  however,  the  absolute  magnitudes,  parti cul arTy- for  the  V  ♦  T  rates, 
are  different.  Our  data  for  He  and  Ne  are  well  described  by  a  model  which  uses  the 
Wilkins  V  ♦  T  rates  and  his  collisional  dissociation  rates  increased  by  a  factor  of  1.4. 


125 


Conclusions  and  Acknowledgments 


2.7  28  ~  Z9  3.0  3.1  3.2  3.3  3.4 

1000/T,  K_1 


Fig.  5.  Arrhenius  plot  of  collision  dis¬ 
sociation  rate  coefficients  in  He 

and  Ne  vs  T"*  *  10  . 


Improved  data  for  the  kinetics  of  the 
ground  electronic  state  of  XeF  have  been 
obtained.  The  vibrational  equilibration 
rates  were  shown  to  be  significantly 
faster  than  previously  measured.  This 
has  the  effect  of  distributing  XeF(X) 
population  created  by  stimulated  emission 
in  a  predictable  fashion  over  the  ground 
state  vibrational  manifold.  Likewise, 
the  increase  in  the  overall  dissociation 
rate  with  temperature  is  easily  predict¬ 
able  from  unimolecular  rate  theory.  As 
additional  data  become  available  on 
excited  state  formation  and  quenching 
rates,  and  on  the  production  and  removal 
of  intracavity  absorbers,  it  will  be 
possible  to  determine  whether  or  not 
additional  excursions  in  temperature, 
pressure,  or  gas  composition  can  improve 
the  efficiency  of  the  XeF(B  *  X)  laser. 
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sponsorship  of  this  work  by  AFWL/ARDK  and 
by  the  Mission  Oriented  Investigation  and 
Experimentation  (MOIE)  program  at  The 
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thanks  are  given  to  Dr.  L.  E.  Wilson. 


Fig.  6.  State-to-state  rate  coefficients 
for  vibration  equilibration  and 
colllsional  dissociation  versus  v". 

Empirical  model  of  Ref.  (3)  ( - ); 

trajectory  calculation  results  of 
Refs.  (6)  and  (7)  ( - ). 
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Abstract 

Ar  imaging  system  with  a  two  dimensional  photo  diode  array  is  used  for  real 
time  base  pulse  by  pulse  measurement  of  the  far  and  the  near  field  patterns,  spatial 
distribution  of  the  spectrum,  and  spatial  coherence  of  a  KrF  excimer  laser  at  high 
repetition  rate.  With  these  measurements  the  pointing  stability  and  non-uniform  spectral 
distribution  of  the  band-narrowed  KrF  laser  beam  becomes  clear.  The  streak  camera 
measurement  of  the  spectrum  and  coherence  shows  they  can  vary  during  the  laser  pulse. 

Introduction 


The  krypton  fluoride  excimer  laser  has  number  of  attractive  features  such  as  its  uv 
wave  length  and  high  peak  power.  Although  it  has  wide  gain  width,  efficient  extraction 
of  the  photon  energy  in  a  narrow  spectral  band  has  been  obtained  with  the  methods  such 
as  injection  locking.  However,  As  our  previous  work  shows'* ’,  the  beam  pattern 
of  the  injection  locking  system  of  the  KrF  laser  reveals  non-uniform  intensity 
distribution  and  pointing  stability  which  is  very  sensitive  to  mechanical  vibration. 

As  an  alternative,  a  phase  conjugated  laser  system  based  on  Stimulated  Brillouin 
Scattering  can  produce  high  spectral  brightness  and  be  essentially  free  from  any 
mechanical  disturbances  of  the  laser  beam'2’.  Since  the  performance  of  the  phase 
conjugation  depends  strongly  upon  the  characteristics  of  the  injected  beam,  real  time 
beam  monitoring  is  indispensable. 

In  the  present  paper,  we  describe  the  method  developed  to  monitor  beam 
cha racterst ics  such  as  the  far  and  near  field  patterns,  spatial  distribution  of 
the  narrow  band  spectrum,  and  spatial  coherence  for  the  KrF  excimer  laser,  in  pulse  by 
pulse  and  time  resolved  manner.  Some  results  regarding  the  narrow  band  oscillator, 
injecton  locking  system,  and  oscillator-amplifier  system  are  also  introduced. 

Beam  Pattern 


Measurement  System 

The  near  field  and  the  far  field  patterns  of  the  KrF  excimer  laser  are  measured 
with  the  optical  configuration  shown  in  Fig.l,  where  the  beam  is  divided  to  form  a  near 
field  pattern  by  lens  Li  (f=0.27  m)  and  a  far  field  pattern  by  lens  Lz  (f=9.04  m)  on 
the  imaging  sensor  at  the  same  time.  The  imager  is  a  computer  controlled  two  dimensional 
photo  diode  array  featured  with  the  sensitivity  down  to  the  uv  wave  length  and  small 
cross  talk  between  the  photo  diode  arrays,  which  enables  high  spatial  resolution 
suitable  for  the  beam  diagnostics.  The  fast  frame  rate  enables  even  consecutive 
measurement  of  both  near  and  far  field  patterns  simultaneously  at  250  Hz  repetition 
rate . 

Field  Patterns 

The  near  and  the  far  field  patterns  of  the  laser  beam  from  the  injection  locking 
system  operated  at  250Hz  are  shown  in  Fig. 2a,  and  the  intensity  profile  scanned 
horizontally  as  indicated  by  the  arrow  in  this  figure  is  given  in  Fig. 2b.  Due  to 
the  high  spatial  resolution  of  the  imager,  the  fine  structures  of  the  beam  pattern 
characteristic  to  the  unstable  resonator  is  seen. 

The  pointing  stability  of  the  beam,  which  is  important  for  machinning  applicatons, 
is  obtained  by  tracing  the  peak  position  of  the  far  field  spot.  Fig3a  shows 
how  the  far  field  spot  moves  around.  The  vertical  and  horizontal  components  of  the  far 
field  spot  positions  are  plotted  against  time  in  Fig. 3b  and  Fig. 3c  respectively. 
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The  periodic  variation  of  the  vertical  component  is  due  to  the  mechanical  vibrations 
of  the  resonator  cavity,  while  the  horizontal  motion  is  caused  by  the  discharge 
instability.  The  vibrational  origin  of  pointing  instability  is  a  intrinsic  problem 
associated  with  the  unstable  resonater  mounted  on  the  gas  flowing  chamber,  while  our 
alternative  method;  phase  conjugated  laser  system,  is  demonstrated  to  be  free  from 
the  mechanical  problem1 ^ 1 . 

Narrow^  Band  Spect rum 


Method 

The  spatial  distribution  of  the  narrow  band  spectrum  of  the  laser  beam  can  be 
measured  by  taking  advantage  of  the  small  free  spectral  range  of  the  Fabry-Perot 
interferometer.  Fig. 4  shows  the  optical  arrangement,  where  the  incident  beam  is 
converted  to  a  diverging  beam  by  a  concave  lens  L, ,  and  enters  the  Fabry-Perot  etalon. 
The  beamiet  wnxch  satisfies  constructive  interference  condition  forms  a  bright  fringe 
pattern  on  the  imaging  sensor  S.  If  the  divergence  of  the  original  beam  is  much  smaller 
than  that  of  the  beam  focussed  by  lens  Ll(  there  is  a  one  to  one  correspondence 
between  the  bright  fringe  on  the  sensor  and  the  circular  area  in  the  beam  at  the  Fabry- 
Perot  etalon.  Since  the  beam  entering  the  circular  area  at  the  etalon  passes  through 
a  similar  circular  area  on  the  object  plane  A,  we  can  estimate  the  spectral 
distribution  in  the  beam  cross  section  at  A  by  measuring  the  position  and  width  of 
the  interference  fringes. 

The  etalon,  which  has  a  free  spectral  range  of  0.00489nm  and  finesse  of  15,  and 
the  lens  Lx  with  f=27cm  form  about  10  fringes  in  our  2D  photo  diode  array  located  at 
the  image  plane  5.  For  absolute  line  position  measurement  a  monochrometer  with  a  optical 
fiber  input  (resolution  is  about  0.0031nm)  is  used  simultaneously. 

Spat ial  Distribut ion  of  the  jSpectrum 

The  spectral  distribution  of  the  KrF  excimer  laser  beam  operated  in  narrow  band 
configuration,  where  the  band  narrowing  is  performed  with  a  prism  beam  expander  and 
a  grating  together  with  collimating  apertures  with  diameter  of  1mm,  is  measured. 

The  beam  diameter  is  about  2mm  at  a  distance  of  3m  away  from  the  laser.  The  laser  cavity 
and  grating  are  well  aligned  at  a  central  wave  length  of  the  gain,  producing  a  single 
spectrum  with  a  band  width  of  about  O.OOlnm. 

One  of  the  examples  of  the  fringe  pattern  for  the  laser  pulse  at  100Hz  rep.  rate 
is  given  in  Fig. 5a,  where  about  10  fringes  cover  the  cross  section  of  the  beam. 

Fig. 6  presents  the  result  of  the  analysis,  showing  that  the  wave  number  of  the  laser 
beam  is  not  the  same  within  the  beam  cross  section.  A  more  conspicuous  example  of 
the  non-uniform  spectral  distribution  is  obtained  by  changing  the  tuning  wave  length  of 
the  laser.  The  fringe  pattern  shown  in  Fig. 7a  gives  the  example,  where  the  left  half 
and  right  half  of  the  laser  beam  contain  different  wave  lengths  and  each  side  has  two 
fold  spectral  structure.  The  right-left  asymmetry  might  be  due  to  the  combined  effect 
of  the  finite  size  of  the  aperture  and  the  grating  which  experience  the  incident  beam  at 
a  sharp  angle.  The  double  structure  of  the  fringe  pattern  probably  originates  in 
the  gain  structure  of  the  KrF  gas  itself  since  our  measurement  of  the  ASE  spectrum 
with  the  monochrometer  shows  number  of  sharp  lines  which  resemble  rotational-vibrational 
bands . 

Long  Term  Dri f to f  the  Wave  Length 

Long  term  drift  of  the  wave  length  of  the  band-narrowed  KrF  laser  beam  is  performed 
with  our  measurement  system.  The  tuning  element  is  adjusted  at  the  central  wave  length 
to  form  a  single  spectral  line.  When  the  measurement  is  not  being  performed,  the  cavity 
optics  are  blocked  from  the  discharge  to  avoid  the  thermal  effect  on  the  optics.  When 
in  40min.  the  laser  is  operated  at  250Hz,  the  wave  length  shows  red  shift  by  about 
0 . 00326nm . 

Time  Resolved  Spectrum 

Time  resolved  measurement  of  the  narrow  band  spectrum  is  performed  by  forming 
the  Fabry-Perot  fringe  pattern  on  the  entrance  slit  of  the  streak  camera.  For 
convenience  of  measurement,  4%  of  the  beam  which  forms  the  fringe  pattern  on 
the  2D  photo  diode  array  is  sampled  for  the  streak  camera  so  that  the  time  resolved  and 
pulse  by  pulse  measurements  are  obtained  simultaneously.  The  entrance  slit  of  the 
streak  camera  is  placed  horizontally  as  indicated  by  the  arrow  in  Fig. 5a,  so  that 
the  right  hand  side  of  a  few  central  fringes  in  this  figure  enters  the  streak  camera. 

The  time  resolved  spectra  for  the  case  of  Fig. 5a;  perfect  tuning  to  the  single  line, 
is  presented  in  Fig. 5b,  where  the  horizontal  axis  is  time  with  full  span  of  100ns 


128 


and  the  three  central  fringes  have  a  duration  of  about  20ns  with  slight  drift  in  wave 
length  toward  blue.  This  kind  of  "chirping"  is  more  dramatic  for  the  case  of  Fig. 7a, 
when  a  two  fold  spectral  structure  appears.  The  time  resolved  measurement  for  this  case 
is  given  in  Fig. 7b.  The  two  different  wave  lengths  are  emitted  at  different  times  with 
a  duration  of  about  10ns  for  each.  Since  the  cavity  length  is  about  1.2m,  the  duration 
of  each  wave  length  corresponds  to  almost  one  round  trip  within  the  cavity. 

The  importance  of  the  time  resolved  measurement  of  the  spectrum  is  shown  in  Fig. 8a 
and  Fig. 8b,  where  the  beam  is  produced  from  the  injection  locked  unstable  resonator 
system.  We  used  the  same  optical  conf igurat ion  as  in  the  previous  experiment,  and 
the  central  fringe  of  Fig. 8a  is  located  at  the  mid  point  between  the  central  hole  and 
right  edge  of  the  near  field  of  Fig. 2a.  The  injected  beam  enters  the  unst.able  resonator 
cavity  just  when  the  gain  is  onset,  providing  the  Locking  efficiency  to  be  >90%. 
Temporal  variation  of  the  spectra  shown  in  Fig. 8b  is  rather  striking  for  the  rapid 
variation  at  the  period  of  about  10ns. 

The  variation  of  the  spectrum  within  the  Laser  pulse  as  shown  in  our  measurements 
frequently  happens  in  our  laser  system,  and  it  may  be  a  general  problem  associated  with 
the  narrow  band  operation  of  the  KrF  excimer  laser.  And  it  wiLl  resuLt  in  erroneous 
measurement  of  the  spectral  band  width  and  line  position. 

Coherence 

Met  hod 


The  measurement  of  the  spatial  coherence  at  high  rep.  rate  is  performed  with 
a  wave  front  shearing  interferometer  which  uses  the  same  principle  us  ief.(3),  except 
that  we  use  a  Michelson  type  of  the  interferometer  in  place  of  the  shearing  cubic  prism 
Fig. 9  presents  the  opticaL  setup,  where  the  laser  with  narrow  spectral  baud  width 
(coherence  length  >  1cm)  is  focussed  with  a  lens  of  f-54cm,  so  that  the  focal  point 
is  located  just  before  the  beam  splitter.  The  split  beams  are  reflected  by  the  mirrors, 
and  one  of  them  is  slightly  inclined  to  produce  the  shearing  angle. 

The  2D  photo  diode  array  is  placed  where  two  beams  overlap  to  form  interference  pattern 

A  thin  lens  converts  the  spatial  horence  of  the  laser  beam  from  the  object  plane 
to  the  image  plane  in  such  a  way  as  (c.f.  ref. (4)) 

I  p ( x  i  ,  Y i  ;  *-• .  Y *  )  I  -  I  j ,  ,  >,  ,■  f..  ,>[,  )]  ( 1  ) 

where  pi  is  a  complex  coherence  factor  for  the  points  x,  ,  y,  on  the  image  plane  and 

for  the  points  ^  |  ,  *  ,  *’±,  on  the  object  plane.  The  coordinates  are  related  as 
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in  the  same  way  for  the  coordinates  of  suffix  2,  where  a  and  b  are  the  distances  of 
the  object  plane  and  the  image  plane  from  the  lens  respectively  with  the  additional 
relation, 
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The  modulus  of  the  coherence  factor  is  related  to  the  visibility  as 
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where  I,  and  Is.  are  the  intensity  of  the  two  overlapping  beams  at  t.ne  point  where 
the  fringe  intensity  is  measured.  By  blocking  one  of  the  mirrors,  we  can  measure 
the  intensity  distribution  of  the  beam,  then  Ii  and  Is.  are  known,  arid  the  modulus  of 
k  he  coherence  factor  of  the  laser  beam  at  the  object  plane  is  estimated  from 
the  measurement  of  the  visibilty  at  the  image  plane  of  the  lens  L  in  Fiq  < . 

The  visibility  of  the  interference  fringe  pattern  of  the  narrow  band  KrF  laser 
beam  with  diameter  of  2mm  is  observed  with  the  optical  configuration  as  explained 
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before  The  focal  length  of  the  lens  is  54cm,  the  distance  from  the  lens  to  the  imager 
is  120  cm,  and  the  shear  angle  is  about  4mrad .  Observed  visibility  with  the  imager 
gives  the  coherence  function  for  the  points  separated  by  about  2mm  at  about  98cm  from 
the  lens.  Fringe  pattern  is  given  in  Fig. 10a  and  fringe  profile  scanned  horizontally 
as  indicated  in  Fig.lOa  is  given  in  Fig. 10b.  For  this  measurement  the  modulus  of 
the  coherence  function  is  estimated  to  be  0.5. 

Time  Resolved  Measurement 

It  will  be  shown  that,  as  in  the  case  of  the  spectrum,  the  spatial  coherence  will 
vary  within  the  duration  of  the  laser  pulse.  It  is  measured  by  placing  the  entrance 
slit  of  the  streak  camera  horizontally  so  that,  as  indicated  by  the  arrow  in  Fig.lOa, 
a  part  of  the  fringe  profile  enters  the  streak  camera.  The  streaked  fringe  profile  is 
given  in  Fig. 11,  where  the  sweep  is  from  left  to  right  with  the  time  span  of  100ns. 

This  measurement  shows  the  spatial  coherence  becomes  poor  in  about  5ns  from  the  arrival 
of  the  beam,  however  in  aDout  12ns  or  so  it  becomes  much  improved.  This  feature  is  more 
clearly  observed  by  passing  the  oscillator  beam  through  an  amplifier. 

Interference  fringes  are  observed  by  changing  the  timing  of  the  onset  of 
the  amplifier  gain  with  respect  to  the  oscillator  beam.  Fig. 12a,  Fig. 12b,  and  Fig. 12c 
shows  the  fringe  profiles  when  the  gain  of  the  amplifier  is  onset  at  -3,  5,  and  15ns 
respectively  after  the  arrival  of  the  oscillator  beam  at  the  amplifier. 

As  explained  in  relation  with  the  streak  camera  measurement  of  the  coherence, 
the  oscillator  beam  amplified  at  the  beginning  shows  good  visibility,  while  in 
the  intermediate  stage  the  visibility  becomes  poor.  However,  after  12ns  the  coherence 
becomes  much  improved.  Although  the  temporal  variation  of  the  spatial  coherence 
as  shown  in  these  experiments  may  be  characteristic  to  our  laser  system  (cavity  length 
is  about  1.2m,  gain  length  is  0.45m),  the  gross  feature;  improvement  of  the  spatial 
coherence  in  the  course  of  time  will  be  a  general  tendency  of  excimer  laser  beams. 

Cone  1 us  ion 

We  have  briefly  described  our  method  to  measure  the  near  and  far  field  patterns, 
spectrum  and  coherence  of  the  KrF  excimer  laser  beam  in  band  narrowed  operation. 

The  imaging  spectroscopy  and  imaging  interferometry  based  on  the  2D  photo  diode  array 
is  demonstrated  to  be  quite  feasible  for  the  monitoring  the  excimer  laser  beam. 

Pulse  by  pil-'e  measurement  of  the  spectrum  shows  that  the  spectrum  is  not  uniform  in 
the  beam  cross  section  and  streak  camera  measurement  shows  that  the  spectrum  varies 
during  the  pulse  duration.  The  same  imaging  system  is  used  to  measure  the  coherence  and 
it  is  found  that,  it  changes  during  the  pulse  duration  as  well. 
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Fig . 2a  Far  (left)  and  Fig-2b  Intensity  Profile 
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Fig. 12c  Fringe  Pattern  (light)  and  Profile  (left)  at  15ns  of  Delay 
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Abstract 

Recent  experiments  show  very  high  specific  power  output  and  high  power-conversion-efficiency  of 
the  XeCI  laser  at  high  current-densities  even  thought  the  energy-conversion-efficiency  is  very  low  due 
to  the  duration  of  the  discharge-current-pulse  which  is  much  longer  than  that  of  the  laser  pulse. 
Theoretical  model  which  simulates  the  experiment  with  good  agreement  shows  that  such  lasers  can  be 
operated  at  high  energy-conversion-efficiencies  while  maintaining  high  specific  power  output. 

Introduction 

Interest  in  realizing  the  high  power  spaceborne  lasers  which  can  be  used  as  communication 
devices1  places  severe  constraints  on  the  size,  weight,  efficiency,  and  durability  of  such  laser  systems 
due  to  the  limitations  imposed  by  the  carriers  of  the  laser  systems,  i.e.,  satellites  and  airplanes. 

Recent  experimental  efforts  on  the  x-ray  preionized  d.c.  discharge  XeCI  laser  have  yielded 
promising  results  with  respect  to  the  availability  of  laser  power  and  energy  from  a  small  discharge- 
volume  device.  Using  a  x-ray  preionized  d.c.  discharge  XeCI  laser  of  ~  3.8  cm3  excitation  volume  at 
current-density  j  ~  10  kA/cm2,  Xie  et  al.2  at  UC  San  Diego  have  recently  observed  peak  laser  power 

output  of  ~  3  MW  and  output  pulse  energy  of  ~  80  mJ,  which  implied  specific  power  output  ~  800 

MW/liter  and  specific  energy  output  ~  21  J/liter  when  such  high-current-density  discharge  is  scaled  up 
to  large  excitation  volumes.2  The  laser-pulse  duration  is  only  ~  25  nsec  FWHM  (  full  width  at  half 

maximum  intensity  )  which  is  much  shorter  than  the  ~  400  nsec  FWHM  current-pulse  employed. 

Consequently,  the  energy-conversion-efficiency  is  very  low.  However,  by  employing  discharge-current- 
pulses  of  much  shorter  durations,  preferably  not  much  longer  than  the  desired  laser-pulse  durations,  it 
should  be  possible  to  increase  the  energy-conversion-efficiencies  while  maintaining  high  specific 
power  output. 

In  this  paper,  the  experimental  results  just  described  above  are  analyzed  with  the  help  of  a 

theoretical  model  which  uses  experimentally  measured  discharge-current-pulse  as  one  of  the  primary 

inputs.  Also,  some  predictions  are  made  on  the  performance  of  the  discharge-pumped  XeCI  laser  pumped 
by  short  (  ~  50  nsec  )  discharge-current-pulses. 

Theoretical  Model 

The  model  consists  of  a  quasi-steady-state  Boltzmann  equation,  a  set  of  simultaneous  chemical 
reactions,  a  laser-photon  balance  equation,  and  a  time  history  of  discharge-current-pulse.  The 
Boltzmann  equation  is  numerically  solved  by  a  self-consistent  iteration  scheme3  in  order  to  calculate 
the  electron  energy  distribution  function  which  in  turn  gives  the  electron  kinetic  rate  coefficients  as 

moments  of  the  electron  energy  distribution  function.  All  the  important  electron  collision  processes, 

i.e.,  the  electron-impact  electronic/vibrational  excitation,  electron-impact  ionization,  electron 
attachment,  electron  detachment,  Penning  ionization,  Coulomb  collision,  and  electron-electron  collision, 
are  included  in  the  Boltzmann  equation.  A  set  of  first  order  differential  equations  set  up  based  on  the 
simultaneous  chemical  reactions,  including  the  electron  collision  processes,  is  numerically  solved  in 
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order  to  determine  the  temporal  evolution  of  the  chemical  species  existing  in  the  laser  plasma  including 
the  laser  photons.  A  laser-photon  balance  equation  which  calculates  the  instantaneous  laser  output 
power  is  set  up  assuming  that  the  number  density  of  each  chemical  specie  is  uniformly  distributed 
throughout  the  discharge-volume  and  that  the  photon  number  density  is  uniformly  distributed  inside  the 
optical  cavity.  The  detailed  description  of  the  Boltzmann  equation,  chemical  equations  and  laser-photon 
balance  equation  can  be  found  in  Refs.  3,  4  and  5.  In  the  previous  models4'5,  E/n  (  electric  field  strength 

/  total  molecular  number  density  )  which  is  required  by  the  Boltzmann  code  to  calculate  the  electron 

energy  distribution  function  is  determined  by  solving  the  circuit  equation  which  includes  the  laser 
plasma  as  a  variable  resistive  element.  In  our  alternative  model,  E/n  is  determined  by  using  a  given 
discharge  current  history  as  described  below.  The  total  discharge-current  can  be  expressed  as 

l(t)  =  A  e  ne(t)  vd(t)  (1) 

where  A  is  the  discharge  area,  e  is  the  electron  charge,  ne  is  the  number  density  of  free  electrons,  and  v^ 
is  the  electron  drift  velocity.  The  electron  drift  velocity  under  the  influence  of  external  field  is  a 
moment  of  the  electron  energy  distribution  function  which  poses  strong  dependence  on  E/n  and  weak 
dependence  on  the  number  densities  of  all  the  chemical  species  nn  participating  in  the  electron  collision 
processes.  Thus  ,  the  electron  drift  velocity  is  also  a  function  of  E/n  and  na.  Assuming  that  the  drift 

velocity  is  a  function  of  E/n  only,  that  is,  v<j  =  Vd(E/n),  then  the  instantaneous  value  of  E/n  can  be 

calculated  using  Eq.1  once  proper  initial  conditions  E/n(t=0)  and  n„(t=0)  are  known. 

This  method  of  modeling  becomes  very  convenient  when  the  dependence  of  the  laser  performance 
on  the  discharge-current  pulse  is  theoretically  analyzed  later  in  this  paper. 


Theoretical  Analysis  of  the  Experiment 

Using  the  theoretical  model  just  described  above  and  the  XeCI  laser  kinetic  cross-sections  and 
rate  coefficients  previously  compiled  in  Refs.  4  and  5  with  only  minimum  modifications  and  updating,  a 
numerical  simulation  of  the  experiment  done  by  Xie  et  al.  is  performed  in  order  to  check  the  validity  of 
the  new  theoretical  model  and  to  help  to  analyze  the  experimental  results. 

In  their  experiment,  Xie  et  al.  successfully  measured  the  laser  pulse  and  discharge-current-pulse 
but  failed  to  measure  the  discharge-voltage  between  two  electrodes.  As  a  consequence  of  difficulty  in 


measuring  the  voltage  drop  through  the  excited 
plasma  directly  during  the  pulsed-avalanche 
discharge,  it  becomes  necessary  to  calculate  the 
discharge-voltage  history  V (t) ,  which,  along  with 
the  discharge-current  history  I  (t) ,  gives  the 
instantaneous  electric  power  input  to  the  plasma 
P  e (t)  =  V(t)  1  (t)  in  order  to  determine  the  efficiency 
of  the  laser. 

The  numerical  simulation  is  done  on  a  laser 
gas  mixture  of  the  mole  fraction  HCI:Xe:Ne  = 
2:40:5354  at  total  pressure  of  7.1  atm.  The  optical 
cavity  is  formed  by  a  total  reflector  and  a  output 
coupler  of  40  %  power  reflectance.  This  setup 
when  it  is  used  in  the  experiment  produces  the  3 
MW  laser-pulse  as  described  in  the  earlier  section. 
The  result  of  the  simulation  is  shown  in  Fig.  1.  The 
theoretically  calculated  peak  laser  power  is  ~  2MW 
which  is  30%  lower  than  the  experimentally 
measured  peak  power  of  3  MW,  and  the  laser-pulse 
duration  is  ~  30  nsec  which  is  20  %  longer  than  the 
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Fig .  1  Calculated  laser  power  output  of  the 
XeCI  laser  used  by  Xie,  et  al.,  in  Refernece  1. 
The  gas  mixture  used  is  HCI:Xe:Ne  =  2:40:5354 
at  P  =  7.1  atm. 
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experimentally  measured  pulse  duration  of  ~  25 
nsec.  Considering  the  uncertainties  due  to  the 
experimental  measurement  of  the  discharge- 
current-pulse  which  is  a  primary  input  to  this 
simulation  and  size  of  the  discharge  volume  which 
must  also  be  determined  experimentally  and  some 
remaining  uncertainties  among  the  large  number  of 
the  kinetic  rates  and  cross-sections,  the 
agreement  between  the  experiment  and  theory  is 
good. 

Fig.  2  shows  the  power-conversion-efficiency 
r|p(t)  =  P l (t)  /  Pe (t)  from  the  onset  of  the  laser 
action,  where  P[_  is  the  laser  power  output  and  Pe  is 
the  electric  power  input  to  the  laser  plasma.  At  t  = 

5  nsec  in  Fig.  2  where  the  laser  power  reaches  its 
peak  value  of  3  MW,  the  electric  input  to  the 
plasma  is  calculated  to  be  only  about  20  MW,  thus, 
r)p  is  ~  15  %  at  this  point.  However,  the  energy- 
conversion-efficiency  T)  £  (t)  =  /pL(t)dt  / / PE (t)dt  is 
very  low  due  to  the  much  long  current-pulse,  ~  400 
nsec  FWHM,  employed  in  the  experiment. 

The  reason  for  very  high  specific  laser  power  and  energy  can  be  explained  by  the  effect  of  the  high 
current-density  on  the  formation  of  the  XeCI  laser  upper  state.  The  primary  formation  channel  of  the 
XeCI  laser  upper  state  is  a  3-body  ionic  recombination  process,  i.e.,  Xe+  +  Cl'  +  M  ->  XeCI*  +  M,  whereas 
the  primary  quenching  channel  of  XeCI*  at  high  current-densities  is  a  collisional  quenching  process  by 
the  free  electrons.  The  Xe+  ions  are  produced  by  a  direct  electron-impact  ionization  of  Xe  atoms  at 
their  ground  electronic  state,  or  a  two-step  ionization  of  Xe  atoms,  i.e.,  the  electron-impact  excitation 
process  Xe  +  e  ->  Xe*  +  e,  to  be  followed  by  the  ionization  process  Xe*  +  e  Xe+  +  2e.  The  Cl*  ions  are 
produced  by  two  successive  electron-impact  processes,  i.e.,  the  vibrational  excitation  process  e  + 
HCI(v=0)  ->  e  +  HCI(v>1),  to  be  followed  by  the  dissociative  attachment  process  e  +  HCI(v>1)  ->  H  +  Cl\ 
Direct  dissociative  attachment  of  HCI(v=0)  also  contributes  to  the  production  of  Cl-  ions,  but  the  rate 
coefficient  is  much  smaller  than  those  for  HCI(v>1),6  so  that  the  two-step  process  is  preferred.  As  the 
discharge-current-density  increases,  which  may  correspond  to  the  increase  in  the  electron  number 
density  in  the  laser  plasma,  the  number  densities  of  two  important  ionic  species  Xe+  and  Cl'  continue  to 
increase  via  the  electron-impact  processes  just  described  above,  then  the  excimer  formation  rate  is 
proportional  to  the  2nd  power  of  the  electron  number  density  ne  while  the  quenching  rate  is  proportional 
only  to  the  1st  power  of  ne.  Thus,  the  saturation  intensity  of  the  XeCI  laser  under  strong-pumping 
condition  continues  to  increase  with  the  discharge-current-density.  This  reasoning  is  supported  by  a 
series  of  the  experiments  done  at  UC  San  Diego2’7  which  clearly  show  that  the  specific  laser  output 
power  and  energy  continue  to  increase  as  the  discharge-current-density  increases. 

The  reason  for  such  a  short  laser-pulse  duration  in  comparison  with  the  discharge-current-pulse 
duration  can  be  attributed  to  the  depletion  of  halogen  donor  HCI  molecules.  The  theoretical  model 

predicts  that  the  99  %  of  HCI  depletes  in  68  nsec  after  the  initial  breakdown  of  the  laser  gas  mixture. 

Once  all  the  HCI  molecules  dissociate  to  H  and  Ci  atoms  through  various  kinetic  paths,  it  may  no  longer 
be  possible  to  produce  enough  Cl-  ions  in  order  to  form  XeCI*  via  the  3-body  ionic  recombination  process 
because  the  formation  of  HCI  molecule  is  very  slow  process.  The  three-body  recombination  rate 

coefficient  of  the  reaction  H  +  Cl  +  M  -*  HCI  +  M  is,  in  deed,  very  low  at  5.5x10-32  cm8/sec,8  and  the 

recovery  time  for  one  half  of  the  initial  HCI  molecular  number  density  via  this  reaction  is  ~1.6  psec. 


0  1  0  20  30  40  50  60 

Time  (nsec) 


Fig. 2  Power-conversion-efficiency  of  the 
XeCI  laser  used  by  Xie,  et  al.,  in  Reference  1. 
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Therefore,  much  of  the  discharge-current-pulse  employed  by  Xie  et  at.  is  wasted,  and  consequently  the 
energy-conversion-efficiency  is  very  low. 

Highly  Enerav-Efficient  Short  Pulse  Laser 

The  results  just  discussed  in  the  preceding  section  strongly  suggest  the  possibility  of  having  a 
highly  energy-efficient  XeCI  laser  while  maintaining  high  specific  laser  power  output.  One  way  to 
achieve  such  a  goal  is  to  employ  short  current-pulses  which  are  not  so  much  longer  than  the  desired 
laser-pulse  durations  so  that  much  of  the  current-pulse  is  utilized  to  pump  the  laser.  In  order  to  keep 
the  high  specific  laser  power  output,  the  discharge-current-density  must  be  kept  high  to  keep  the 
pumping  rate  high.  Considering  the  requirements  mentioned  above  and  the  fact  that  the  laser-pulse 
duration  observed  by  Xie  et  at.  under  very  high  discharge-current-density  condition  is  only  25  nsec 
FWH M , 1  the  theoretical  analysis  of  the  discharge-pumped  XeCI  laser  pumped  by  hypothetical  short 
discharge-current-pulses  of  50  nsec  is  done.  The  dimension  of  excitation-volume,  optics  and  gas 
mixture  are  chosen  to  be  the  same  as  those  used  by  Xie  et  at.  in  their  experiment.  The  shape  of  the 
discharge-current-pulse  is  chosen  to  be  a  sine  curve  with  the  half  cycle  of  50  nsec  and  is  kept  the  same 
for  all  the  calculations,  but  the  peak  value  is  changed  from  5  kA  to  30  kA,  which  corresponds  to  the  peak 
current-density  of  from  1.2  kA/cm2  to  7.1  kA/cm2. 

The  results  of  the  theoretical  calculations 
are  shown  in  Figs. 3-6.  Fig. 3  shows  the  peak  laser 
power  and  energy-conversion-efficiency  as 
functions  of  the  peak  value  of  the  discharge- 
current.  The  peak  laser  power  continuously 
increases  as  the  peak  value  of  the  discharge 
current  increases.  On  the  other  hand,  the  energy- 
conversion-efficiency  decreases  as  the  peak  value 
of  the  discharge-current  increases.  It  should  be 
noted  that  the  energy-conversion-efficiency  shown 
in  Fig. 3  is  calculated  by  integrating  Pl  and  Pg  from 
t  =  0  nsec  to  t  =  50  nsec,  but,  in  the  real  situation, 
the  energy-conversion-efficiency  is  expected  to  be 
lower  because  the  discharge-current  would  execute 
some  kind  of  dumped  oscillation  and  the  current- 
pulse  would  last  considerably  longer  than  50  nsec. 

The  continuous  increase  of  the  peak  laser 
power  can  by  explained  by  the  same  argument  given 
in  the  preceding  section  with  respect  to  the  high 
current-density  effect  on  the  formation  of  XeCI*. 

The  continuous  decrease  of  the  energy-conversion- 
efficiency  is  attributable  to  the  premature 
termination  of  the  laser-pulses  compared  to  the  current-pulse  duration  at  higher  discharge-current. 
The  comparison  between  Fig. 4  and  Fig. 5  makes  this  point  clear.  Fig.4  shows  the  calculated  laser  output 
power  and  the  employed  discharge-current-pulse  for  the  peak  discharge-current  of  10  kA,  and  Fig. 5 
shows  those  for  the  peak  discharge-current  of  30  kA.  When  the  XeCI  laser  is  pumped  by  the  current 
pulse  of  10  kA  peak  current,  significant  laser  power  output  is  seen  almost  till  the  end  of  the  current- 
pulse,  and  most  of  the  discharge-current  is  effectively  used  to  pump  the  laser.  Under  the  peak  current 
of  30  kA,  the  laser  pulse  terminates  at  t  »  30  nsec  as  shown  in  Fig. 5,  and  significant  portion  of  the 
discharge-current  is  wasted.  The  premature  termination  of  the  laser-pulse  under  higher  discharge- 
current  is  due  to  the  depletion  of  the  haloqen  donor  HCI  molecules  prior  to  the  termination  of  the 
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Fig. 3  Calulated  peak  laser  power  output  and 
energy-conversion-efficiency  of  the  XeCI 
laser  pumped  by  hypothetical  discharge 
currents  as  functions  of  peak  value  of  the 
discharge  current.  The  gas  mixture  used  is 
HCl.Xe.Ne  =  2:40:5354  at  p  =  7.1  atm. 
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current-pulse.  As  shown  in  Fig. 6,  there  is  still  left  some  HCI  even  at  t  =  45  nsec  at  the  peak  current  of 
10  kA.  But,  at  the  peak  current  of  30kA,  the  99  %  of  HCI  initially  present  disappears  in  30  nsec  which 
corresponds  to  the  termination  of  the  laser-pulse  in  Fig. 5,  and  the  rest  of  the  discharge-current  after  t 
=  30  nsec  is  not  used  to  pump  the  XeCI  laser. 


Fig. 4  Discharge-current-pulse  and  calculated 
laser  power  output  for  the  peak  current  of  10 
kA. 


Fig. 5  Discharge-current-pulse  and  calculated 
laser  power  output  for  the  peak  current  of  30 
kA. 


As  we  have  seen  from  the  theoretical 
calculations  shown  above,  the  termination  of  the 
XeCI  laser-pulse  under  strong  pumping  condition  is 
due  to  the  depletion  of  the  halogen  donor  HCI 
molecules,  and  therefore,  by  controlling  the 
duration  and  peak  value  of  the  discharge-current- 
pulse  one  may  be  able  to  utilize  the  discharge- 
current-pulse  effectively  and  to  increase  the 
energy-conversion-efficiency  while  maintaining 
high  specific  laser  power  output.  Designing  of  the 
pulse  forming  networks  which  may  produce  such 
desired  current-pulses  is  another  matter  of  the 
engineering  and  .therefore,  is  not  discussed  in  this 
paper. 
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Fig. 6  Depletion  of  HCI  molecules  for  various 
peak  values  of  the  discharge-current. 

(a):  Jpeak  =  10  kA,  (b):  Jpeak  =  20  kA, 

(c):  Jpeak  =  30  kA. 
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Abstract 

The  construction  characteristics  and  the  performances  of  an  X-ray  generator  working  at 
200  Hz  are  described.  The  possibility  to  scale  this  system  up  to  1  kHz  for  the  preionization 
of  high  average  power  gas  lasers  is  discussed. 


The  achievement  of  a  homogeneous  and  small  contamination  preionization  is  a  key  problem 
in  the  development  of  high  average  power  discharge  laser  systems.  We  present  here  a  simple 
and  inexpensive  X-ray  preionizer  developed  at  the  ENEA  Center  of  Frascati  in  the  frame  of  the 
european  joint  program  EUREKA. i 

A  vertical  section  of  the  preionizer  is  shown  in  Fig.  1.  The  X-ray  diode  works  in  a 
reflection  geometry  configuration.  This  means  that  the  cathode  emitted  electrons  are 
accelerated  toward  the  high  atomic  number  anode  target,  producing  brehmsstrahlung  radiation 
in  a  direction  much  different  from  those  of  the  incident  electrons. 

The  system  core  is  the  surface  plasma  cathode,2  depicted  in  Fig.  2.  It  consists  of  an 
insulator  plate  (e.g.  fiberglass,  Kapton),  sandwiched  between  a  Cu  sheet  connected  with  a 
trigger  voltage  and  a  sheet  of  grounded  Cu  on  which  there  is  a  matrix  of  discs.  Each  disc  is 
separated  from  the  grounded  Cu  by  an  annular  gap  where  the  copper  has  been  etched  off.  When 
the  trigger  is  applied,  a  high  electric  field  across  the  gap  generates  a  vacuum  breakdown, 
and  neutral  gas  atoms  are  desorbed  from  the  surface.  This  gas  ionizes  quickly,  forming  a 
plasma  that  expands  away  from  the  cathode. 3 

The  geometrical  arrangment  of  the  Ta  wrapped  anode  with  respect  to  the  cathode  (see  Fig. 
1)  has  been  cnoosen  taking  into  account  the  results  of  a  simulation  work  performed  at  the 
ENEA  Center  of  Bologna. * 

Figure  3  shows  the  equivalent  circuit  of  the  preionizer. 

The  measured  voltage  waveform  at  the  transformer  output  is  reported  in  Fig.  4,  together 
with  the  typical  shape  of  the  current  flowing  in  the  diode  measured  by  means  of  a  Rogowsky 
coil . 


Fig.  1  -  Vertical  section  of  the  X-ray  diode 


*  ENEA  Guest.  On  leave  from  Shangai  Institute  of  Optics  and  Fine  Mechanics 
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Fig.  2  -  Scheme  of  the  surface  plasma  cathode 


The  100  Hz  repetition  rate  X-ray  signal  is  shown  in  Fig.  5.  This  result  has  been 
obtained  running  the  plasma  cathode  at  1  kHz,  but  firing  the  anode  every  10  shots  of  the 
cathode.  As  a  matter  of  fact,  we  have  been  limited  so  far  by  the  power  supply,  as  shown  in 
Fig.  6.  With  the  facility  of  a  20  kW  power  supply,  measurements  at  higher  repetition  rate  are 
now  in  progress. 

The  dosage  decay  (measured  with  dosimeters)  along  the  X-ray  beam  direction  is  shown  in 
Fig.  7.  Starting  from  the  laser  discharge  cathode,  there  is  a  13*  of  the  X-ray  dosage 
decrease  after  crossing  the  3  cm  wide  laser  discharge  gap. 

The  preionization  electron  number  density  has  been  measured  by  collecting  the  electric 
charge  of  the  drift  electrons  in  1  atm  of  Ne.  This  method  5  allows  a  more  easy  solution  of 
the  EMI  problem  compared  with  the  probe  technology  or  the  drift  current  measurement 
techniques.  Moreover,  as  the  original  laser  discharge  electrode  system  can  be  used  as  the 
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Fig.  4  -  Current  (a)  flowing  in  the  diode  and  voltage  (b)  measured  at  the  transformer  output 
of  Fig.  3.  Horizontal  1  ps/div.  Vertical  240  A/div  for  the  current,  30.8  kV/div  for  the 
voltage 


Fig.  5  -  X-ray  train  pulses  at  100  Hz,  recorded  by  means  of  a  plastic  scintillator  plus  a 
photomultiplier  and  integrated  with  a  time  constant  ~  10  ms 


electron  charge  collectors,  no  modifications  of  the  discharge  chamber  are  required  for  the 
sake  of  electromagnetic  screen.  The  set-up  is  schematically  drawn  in  Fig.  8.  The  experimental 
results  obtained  at  two  distinct  cathode  trigger  voltage  are  reported  in  Fig.  9.  The 
resulting  maximum  voltage  drop  AV  on  the  capacitor  C  =  2,8  nF  yields  to  the  electron  number 
density  n  through  the  relation  n  =  C-AV/e^v,  where  e  =  1,6-10-19  C  is  the  electron  charge  and 
v  =  0,45  t  is  the  discharge  volume. 

A  possible  explanation  of  the  results  of  Fig.  9  is  that  lowe-'ng  the  trigger  voltage, 
the  charge  of  the  generated  plasma  on  the  cathode  decreases,  reciting  in  a  lower  diode 
current  and  a  different  X-ray  spectrum,  which  is  more  efficient  from  the  point  of  view  of  the 
electron-ion  pair  generation.  We  can  therefore  use  the  cathode  trigger  voltage  as  an 
additional  degree  of  freedom  to  control  the  preionization  electron  density. 

Finally,  the  X-ray  dosage  behaviour  vs  the  repetition  rate  is  reported  in  Fig.  10 
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Fig.  6  -  Charging  voltage  on  the  anode  capacitors  vs  the  repetition  rate.  Nominal  power 
supply  5  kW 
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Fig.  7  -  X-ray  dosage  distribution  in  air  along  the  direction  perpendicular  to  the  laser 
discharge  electrodes 


together  with  the  vacuum  level  of  the  X-ray  diode  chamber.  Despite  the  pressure  increment 
from  10-5  Torr  at  few  Hz  up  to  10-3  Torr  at  200  Hz,  the  X-ray  dosage  level  remains  almost 
constant  in  the  range  of  repetition  rate  investigated  here.  This  behaviour  can  be  possibly 
attributed  (according  with  Ref.  6)  to  the  reliance  of  cathode  surface  on  adsorbed  material  to 
be  ablated.  The  material  lost  at  each  shot  can  be  replaced  by  the  residual  pump  oil  and 
background  vapor  readsorbed  on  the  cathode  surface.  Above  a  certain  pressure  level  there  is 
an  equilibrium  between  adsorbed  and  ablated  material,  ensuring  an  effective  cathode  operation 
with  a  X-ray  emission  almost  independent  from  the  vacuum  level,  as  shown  in  Fig.  10.  On  the 
other  hand,  the  operating  lifetime  can  be  affected  by  the  positive  ion  bombardment  and  the 
likelihood  of  low  pressure  arcs. 
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Fig.  8  -  Experimental  circuit  and  apparatus  for  the  preionization  electron  number  density 
measurement.  The  discharge  region  was  filled  with  1  atm  Ne 


Fig.  9  -  Measured  voltage  drop  generated  by  the  X-ray  pulse  in  the  circuit  of  Fig.  8. 
Vertical  200  mV/div,  horizontal  2  ms/div;  a)  Plasma  trigger  voltage  V=24  kV.  Preionization 
electron  number  density  n=3.5’107  cm-3  b)  V=16  kV,  n=4.2,107  cm-3 


Lifetime  measurement  have  been  performed  continuously  running  the  diode  for  extended 
periods  at  100  Hz.  Overheating  of  the  cathode  limited  the  performance  to  105  shots,  and  work 
is  in  progress  to  overcome  this  problem. 

In  conclusion,  a  simple  and  inexpensive  high  repetition  rate  X-ray  diode  has  been 
constructed  and  tested.  The  main  experimental  data  are  summarized  in  Table  I.  The  possibility 
to  run  the  surface  plasma  cathode  at  1  kHz  repetition  rate  has  been  proved,  giving  the 
experimental  evidence  that  no  problems  in  principle  could  prevent  the  efficient  operation  of 
the  diode  at  least  up  to  1  kHz.  A  preionization  electron  number  density  greater  than  107  cm-3 
in  1  atm  Ne  with  a  good  uniformity  has  been  obtained.  Preliminar  results  show  that  the 
outlined  system  is  effective  for  the  preionization  of  a  (3*3x50)  cm3  active  volume  discharge 
XeCl  laser:  700  mj/shot  at  40  Hz  have  been  achieved  with  an  unoptimized  spark-gap  switched 
pumping  discharge  system  at  a  dc  charging  voltage  of  38  kV. 
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Fig.  10  -  X-ray  dosage  (o)  and  vacuum  level  in  the  diode  chamber  (□)  vs  the  repetition  rate. 
The  pressure  values  were  measured  after  a  few  seconds  of  working,  when  the  equilibrium 
condition  was  reached 


TABLE  I  -  Experimental  summary 


Diode  operation  mode 

Pulsed,  reflection  geometry 

Cathode  type 

Surface  plasma 

Input  energy 

10  J 

Repetition  rate 

>  200  Hz 

X-ray  pulse  duration 

200  ns  (FWHM) 

Dosage  in  the  laser  cell 

10  mR/shot 

Dosage  attenuation  in  air 

(distance)-l 

Dosage  uniformity 

>  70% 

Preionization  electron  density 

>  107  cm-3  in  1  atm  Ne 

;  Lifetime  at  100  Hz 

105  shots  (continuous  operation) 
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ABSTRACT 

To  increase  the  pulse  repetition  frequency,  the  average  power  and  efficiency  of  the 
XeCl  laser  system,  numerous  problems  must  be  solved.  One  of  the  most  important,  which  is 
related  to  wave  propagating  in  the  gaseous  medium,  is  discussed.  Excitation  of  active 
medium  in  a  subsonic  loop  is  achieved  by  means  of  a  classical  discharge,  through  transfer 
capacitors.  The  discharge  stability  is  controlled  by  a  wire  ion  plasma  (W.I.P.)  X-ray  gun. 
ihe  strong  acoustic  waves  induced  by  the  active  medium  excitation  are  analyzed  by  means  of 
a  li che Ison  interferometer  and  fast  pressure  transducers. 

1.  INTRODUCTION 


Potential  applications  such  as  laser  processing  of  semiconductors,  laser  machining, 
laser  pho t o-c hemi s t r y  and  medical  uses  have  stimulated  studies  and  development  of 
ultraviolet  oxcincr  lasers.  These  lasers  operate  generally  at  PRF  to  achieve  high  average 
output  power.  1'he  general  aim  of  these  studies  is  to  scale  up  excimer  lasers  to  obtain 
higher  average  output  power,  longer  pulse  duration,  higher  efficiency  and  beam  quality, 
dork  is  presently  in  progress  in  several  laboratories1  .  However  numerous  problems  are 
still  to  be  solved  ;  the  most  important  are  :  a)  the  electrical  energy  deposition  at  high 
iCIF  into  gas  mixture  (stable  discharge,  homogeneity  of  the  discharge  ;  b)  to  optimize  the 
laser  bean  quality.  Fluid  mechanic  studies  may  play  a  leading  role  to  solve  these  problems. 

Under  the  high  pulse  repetition  rate  and  high  energy  per  pulse  conditions  which  are 
characteristic  of  futirc  1  XW  (or  more)  average  power  excimer  lasers,  the  fluid  dynamic  of 
the  gas  flow  Loop  and  laser  head  become  a  central  issue.  This  problem,  which  is  relatively 
well  solved  in  the  case  of  infrared  C0Q  or  chemical  lasers,  is  much  more  severe  here  due  to 
the  short  wavelength  and  regarding  to""  the  stability  of  the  discharge  in  electronegative 
excimer  active  medium  mixtures.  Two  main  problems  have  to  be  solved  :  a)  the  heated  gas  has 
to  be  swept  out  of  the  laser  cavity  between  two  excitations  (i.e.  in  much  less  than  1  ms 
for  1  kHz  FRF)  ;  b)  the  density  fluctuations  induced  by  acoustic  waves  inside  laser  cavity 
have  to  be  damped  from  dr/r  =  10  which  is  an  average  value  of^  the  density  fluctuations 
immediately  after  an  energy  deposition  of  100  to  150  J/l,  to  10~  -  10  in  the  same  time 
scale.  Attenuation  of  the  aerodynamic  disturbances  without  acoustic  dampers  is,  at  high  PRF 
(  .>  2 0 0  :iz),  too  low  to  insure  the  uniformity  of  the  density  flow  field  required  to  obtain 
a  stable  discharge  and  a  good  optical  beam  quality  at  the  time  of  the  following  energy 
deposition. 

Three  families  of  waves,  at  least,  are  present  in  a  high  PRF  gas  laser  cavity  :  one 
family  of  longitudinal  waves  and  two  families  of  transversal  waves.  The  longitudinal  waves 
travel  in  the  upstream  and  downstream  directions  of  the  flow  and  can  be  reflected  by  the 
previous  hot  gas  column  and  also  by  any  cross  section  shift  or  obstacle  placed  upstream  or 
downstream  the  ravity.  One  family  of  transversal  waves  propagate  between  the  electrodes, 
and  the  other  one  along  the  optical  axis.  They  may  play  a  leading  role  in  the  f i 1  amen ta t ion 
and  loss  of  discharge  stability  at  high  PRF. 

A  program  to  investigate  extensively  the  XeCl  laser  system  (308  nn)  for  conditions  of 
long  pulse  (50  to  100  ns),  high  PRF  (1  kHz)  and  high  average  power  (100  to  500  W)  has  been 
undertaken  at  I.M.F.ii.  A  laser  test  bed  called  LUX  for  "User  jJltraviolet  preionisf  par 
rayons  X/' ,  has  been  developed.  It  permits  to  achieve  in  a  laser  head  not  yet  designed  to 
damne  the  different  acoustic  waves,  an  average  power  of  200  W  operating  in  burst  mode 
(230  shots).  The  laser  head  has  been  recently  modified  to  study  detailed  wave  behavior  in 
relation  with  Eureka  program. 


147 


EXPERIMENT 


2.1.  W  i  n  ti  c  u  n  n  c  .1 


[  '3-0  1 


1'he  170  liter  nickel  plated  stainless  steel 
is  designed  for  achieving  a  long  "life  time 
low  baseline  flow  turbulence  level  and  flow 


very 

for  last  damping  of  acoustic  waves.  A 
current  motor  allows  an  average  flow  velocity  up  to  65  m/s 
(2.5  x  j 0  cm  cross  section).  T h c  maximum  working  pressure  is  2 
by  the  motor-compressor  ferrofluidic  seal  capabilities.  A. 
allows  us  to  pump  down  to  a  residual  pressure  as  low  as  10 
purity  of  c a s  mixtures. 


loop,  already  described  in  part  elsewhere 
1  operation  in  the  working  mixture.  It  has 
pressure  drop.  Provisions  have  been  made 
centrifugal  compressor  powered  by  a  4  kW  continuous 
velocity  up  to  65 


in  the  laser  discharge  head 
5  atmospheres  and  is  limited 
turbo-molecular  vacuum  pump 
1  o  r  r  to  achieve  good  initial 


Electrical  e  x  c i t  a  t i i 


The  electrical  excitation  system  consists  essentially  of  a  X - 
d  i  s  c  h  a  r  g  e  pulse. 


ray  preionizer  and 


a  raa  i  n 


ae 


X-ray  preionization  generator 


The  X-rav  are  generated  by  means,  yxf  a  wire  ion  plasma  ( V<  IP)  electron  gun  .’The  1  P 
electron  gun  was  developed  at  O.N.R.A.  .  This  type  of  electron  gun  allows  the  control  of 
the  high  voltage  pulse  by  the  low  voltage  (15  kV)  control  pulse  on  four  thermionic  wires, 
when  a  discharge  pulse  of  15  k V  is  applied  to  the  anode,  in  the  ionization  cavity  1  illed  to 
1.5  X  10  _  bars  of  helium,  a  plasma  is  created.  The  ions  are  accelerated  to  a  ground 
extraction  grid,  beyond  this  grid,  ions  are  accelerated  up  to  the  constant  negative  high 
village  cathode  (-40  kV  to  -150  xV)  where  these  generate  secondary  electrons  bv  shock. 
Secondary  electrons  are  accelerated  to  the  grid  and  beyond  up  to  the  ground  window.  They 
produce  iiremsst  rah  lung  radiation  mainly  in  the  forward  direction  when  they  hit  a  12.5 
thick  tantalum  (  /.  -  7  3 )  foil  placed  directly  behind  the  screen  anode,  beyond  the  tantalum 
foil  is  a  0.6  mm  thick  aluminum  foil  which  serves  as  a  high  pressure  window  for  the  X-ray. 


2.2.2.  The  main  discharge  circuit 


A  c la s s i c  a  1 
p  o  w  e  r  of  2  00 
c  o  m  p 1 e  t e  s  v sto m , 


thyratron  switched  C-L-C  transfer 
at  1  kHz  operating  in  burst  mode 
including  the  '..’ll'  gun,  is  shown  in 


circuit  allows 
An  electrical 

v  i  g  .  1  . 


an  average  laser  output 
circuit  diagram  of  t  tie 


It .  V  . 


I)  to  tell  k« 
”  Kill  tiA 


perforated  flat  plate 
(anode) 


cathode 


provision  for 
dampers 


discharge 
flow 

X-Rays 
—  lead  mask 


'Tan  tali  um 


I  t  I  1 

electrons 


hlertrica  I  circuit  f  i  a  gram. 


K  i  lire 


.Mow  laser  head  d  i  a  g  r  a  n  . 


1  he  charging  voltage  from  Lho  power  supply*  V  =  i  3  k  V  t  is  doubled  through  i  he 

re  so  nance  chargin'.*  circuit  to  charge  the  main  st  orni’o  capacitors  I  he  thyratron 

(K’vv  ■ '  X  1  ”>  7 1  )  is  triggered  hy  a  synchronized  pulse  via  a  transformer  connected  to  t  he 
(\j  K  V j  input  trigger  pulse  of  t  lie  X-ray  gun,  which  slowly  charges  the  transfer  capacitor 
hank  with  a  rise  time  of  ISO  ns.  I  he  t  i  me  delay  between  the  X-ray  pulse  anil  the  laser 

discharge  is  controlled  by  a  synchronization  unit.  I’hr*  trail'd  rr  «'aparitor  array 
approx i mat  es  a  relatively  fast  transmission  l  ino  with  time  constant  last  compared  with  the 
I  Vj  ris  voltage  rise  time  of  the  primary  circuit  .  When  the  electrode  voltage  readies  t  lie 
breakdown  voltage  *  up  energy  .stored  in  the  the  transfer  capacitor  array  is.  |;uickiv 
deposited  into  the?  ;» . i s  mixture. 


i:io  optical  resonator  l  of  the  stable  tvpe,  with  Ion.;  radius  mirrors.  I  lie  die  lei  trie 
touted  fused  silica  mirrors  .are  set  directly  in  the  laser  head  side  walls  in  contact  with 
the  working  medium.  The*  curvature  radius  of  the  mirrors  are  r  -  dm.  i’ho  ret  lection 
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coefficient  at  X  =  3uS  mn  is  ii  ^  =  0.98  for  the  rear  mirror  and  \i.^  =  0.4d  for  the 
extraction. mirror. 

A  new  laser  head,  which  the  volume  has  been  strongly  increased  to  manage  the 

possibility  to  set  acoustic  dampers  very  close  to  the  electrodes  has  been  built.  It  is  not 
yet  fully  optimized  regarding  aerodynamic  and  electric  field  distribution.  At  the  present 
time,  a  shaped  solid  electrode  is  used  as  cathode  and  a  flat  foil  as  anode,  with  this 

configuration  it  is  easy  to  dispose  perforated  foil  or  screen  as  anode  and  to  investigate 

wave  behavior  in  laser  head  with  backing  volume  behind  the  anode.  It  will  be  possible  to 

put  in  this  backing  volume  absorbing  materials  or  wave  deflectors.  A  diagram  of  this  laser 
head  is  shown  on  fig.  2  . 

Specific  diagnostics  have  been  developed.  Ihev  allow  to  study  quantitatively  the  key 
parameters  of  I.l’X  test  bed.  They  include  frame  and  streak  laser  interferometry,  fast 

piezoelectric  pressure  transducers.  Shot  to  shot  variations  in  the 
the  near  field  are  obtained  using  a  specially  designed  none  detector 

1,  II  Xi’KR  lilhXTAL  .IKSULiS 

3.1.  Inter ferferometric  study  of  the  flow  field  in  the  laser  cavity 

Interferometric  study  of  the  1  low  field  have  been  undertaken  with  a  classical 

'•lie  he  Ison  streak  interferometer.  The  optical  source  is  a  cw  argon  ion  laser  associated  to 

an  electro-mechanical  shutter.  The  fringe  pattern  is  recorded  by  means  ol  a  drum  camera 

which  permits  to  follow  fringe  shift  as  a  function  of  time  during  4  ms  with  l  resolution  on 

the  film  of  5 . 4  ji  s / mm .  The  observation  zone  is  del  i ned  by  a  slit  optically  conjugated  with 

the  film  and  the  laser  head. 

Hie  results  presented  hereafter  have  been  obtained  with  an  horizontal  or  vertical 

slit.  The  analysis  of  inter! erograns  leads  to  the  evolution  of  flow  density  as  a  function 
of  time  along  X  or  V  axis.  The  vertical  slit  use  permits  a  much  more  precise  study  of  the 
transversal  waves  propagating  between  the  electrodes.  1‘he  influence  tpll  these  waves  on  laser 
characteristics  have  been  already  underlined ( in  a  previous  paper  '  .  1  he  sensitivity  ol 

the  interferometer  is  equal  to  (dr/r  =  5.10  4  )  .  This  sensitivity  is  too  low  to  check  the 

goal  of  try?  required  density  fluctuation  level  tor  some  excincr  laser  applications 

(dr/r  *  lo'4).  Classical  method  of  fringe  pattern  analysis  has  been  developed  by  means  of 

digitizer  and  personal  computer. 

The  interferogrnm  of  rig.  3  shows  up  trie  fringe  pattern  recorder!  with  a  horizontal 

slit  with  two  shots  at  1  kilz  I’ilF.  It  permits  to  follow  the  evolution  of  density 
fluctuations  over  the  total  width  of  the  laser  cavity  for  a  time  greater  than  1.3  ms.  The 
fringe  pattern  before  the  time  of  electrical  excitation  may  bo  considered  as  a  tare.  In 
this  i  n t er f eroa ram  two  sets  of  induced  shock  waves  (lowing  upstream  and  downstream  are 

clearlv  visible.  The  columns  of  heated  gas,  swept  out  of  excitation  zone  by  the  flow,  are 
also  visible  as  well  as  the  effects  of  thermal  diffusion  between  heated  slugs  and  cold  gas. 
The  reflections  of  induced  shock  waves  by  the  previous  thermal  slug  and  by  the  current 
returns  ( o  insulated  rods  (I)  =  d  mm)  disposed  orthogonally  to  the  flow  and  at  4  cm  to  both 
sides  of  the  electrodes)  are  relatively  weak.  The  main  disturbances  yet  visible  lms  after  a 
shot  seem  to  be  due  to  the  propagation  of  transversal  acoustic  waves  in  a  orthogonal 
direction  to  the  flow  and  laser  beam  axis. 

Tig.  4  shows  t r on  pa r i son  between  the  density  profiles  along  X  axis  n.l  ms  liter  i 
first  allot  and  a  125  shot,  i  lie  energy  deposition  is  strongly  modified,  bo  observe  random 
n  o  1  i  f  i  r.  a  t  i  o  n  s  of  disciiarqe  volume  and  discharge  location  which  are  theoretically  controlled 
by  the  electrode  shape  or  by  the  p  re  i  on  i  z.a  t  i  on  .  This  modifications  may  explain  the  shot  to 
shot  laser  energy  decrease  which  has  been  recorded  on  Lux  device.  T i 5  is  an  extrapolated 
three  dimensional  plot  of  density  field  in  the  laser  cavity  from  14  /-profiles  and  one  t  - 
aril  lie.  ,;i,>  decreasing  of  aerodynamic  pe  r  t  u  r  ha  l  i  on  s  is  clearly  visible  with  the 

lisa;. non;  ing  of  heited  gas  column  which  is  slowed  by  thermal  diffusion.  I  hose 
interfere  > r.irs  have  been  recorded  on  a  simple  laser  cavity  without  soph i st i rated  acoustic 
dampers . 


,  beam 
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profile  in 
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Fig.  6  shows  a  first  shot  (Y,t)  interf  erogram  when  the  observation  zone  is  located 
just  upstream  of  the  excitation  zone  (1mm).  The  straight  fringes  at  the  bottom  correspond 
to  tne  flow  density  field  in  the  laser  head  just  before  the  first  energy  deposition.  The 
first 
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Figure  4  :  Comparison  between  two 

profiles  of  density  :  1st  shot  ( - ) 

and  1  2  5 1  li  shot  (....). 


Fi  gure  3  :  ( X ,  t )  Interf erogram  of  two  energy 
deposition  at  1  kilz  FRF. 


Figure  5  :  Density  evolution  between 
two  successive  pulse. 


fringe  displacement  (toward  the  left)  is  induced  by  the  density  increase  due  to  the  arrival 
of  the  compression  wave  in  the  observation  zone.  During  a  short  time  (dt  =  3  jis),  according 
to  classical  theory,  the  density  field  is  relatively  stationary  before  the  passage  of 
expansion  waves  which  lead  to  a  fringe  shift  toward  the  right.  Following  these  three 
classical  zones,  the  fringe  shift  permits  to  deduce  the  density  flow  field  at  the  entrance 
of  the  laser  head  ;  the  reflections  of  transversal  waves  by  the  electrodes  are  clearly 
visible.  These  waves  seem  to  carry  most  of  density  perturbations  even  1  ms  after  the  first 
energy  deposit. 


Fig.  7  shows  an  (Y,t)  interferogram  corresponding  to  a  third  energy  deposition  at 
1  k!!z  PRF.  Here  the  observation  zone  is  inside  the  discharge  volume.  Theoretically  the 
energy  deposition  must  be  uniform  in  all  the  volume  of  excitation  zone  and  the  fringe  shift 
must  be  instantaneous  and  uniform  on  the  total  gap  height.  The  interferogram  shows  up  a 
distortion  of  discharge  (3  .,im).  Part  of  these  heterogeneities  may  be  attributed  to  the 
density  fluctuations  clearly  visible  just  before  the  third  deposition  of  energy.  This  type 
of  pattern  is  not  stable  and  changes  from  shot  to  shot  occur. 


3,2.  Pressure  wave  studies 

The  results  given  hereafter  have  been  achieved  with  fast  pressure  transducers 
(PCB  112A22)  whose  rise  time  is  equal  to  2  _ps  and  cut  off  frequency  equal  to  140  kHz.  Two 
locations  are  used  :  mark  A  and  B  of  Fig.  8. 

Pressure  time  histories  are  dependant  of  channel  geometry  and  energy  deposition 
profiles.  The  results  of  Fig.  9a  and  9b  show  pressure  variations  of  a  single  shot 
experiment  as  a  function  of  time,  and  without  flow  through  the  laser  head  already  described 
and  optimized  after  years  of  studies.  The  same  pressure  waveform  is  shown  with  two 
different  time  scales  (2  ms  (9a),  50  jis  (9h)).  In  Fig.  9a,  the  very  short  signal 
corresponds  to  an  electromagnetic  noise  and  indicates  time  and  duration  of  energy 
deposition.  The  first  jump  shows  up  the  increase  of  pressure  due  to  the  longitudinal  shock 
wave  induced  by  the  discharge;  the  following  decrease  of  pressure  is  related  to  the 
associated  expansion  wave.  Taking  into  account  the  ratio  between  the  heated  gas  volume 
(  100  cm3)  and  the  total  volume  of  the  loop  (  ~  200  liters)  the  pressure  will  normally 
decrease  to  a  near  one  level.  The  superimposed  fluctuations  are  induced  by  reflections  by 
channel  walls.  The  period  of  pressure  oscillations  corresponds  to  the  beating  of  the  two 
waves  between  horizontal  channel  walls.  The  correlation  with  interferometric  study  (Pig.  6) 
is  very  clear  and  underlines  again  the  importance  of  the  transversal  waves  between  the 
electrodes.  The  beating  of  waves  between  lateral  walls  is  less  visible  and  corresponds  to 
modifications  of  wave  pattern  0.2  ms  after  the  passage  of  the  initial  shock  wave. 

The  other  results  presented  hereafter  (9c  to  9g)  have  been  achieved  with  tiie  new  laser 
head  (Pig.  2).  In  this  new  configuration,  beating  of  transversal  waves  between  electrodes 
is  nearly  masked  by  strong  perturbations  which  seem  to  be  due  to  spatial  non  uniformity  of 
the  energy  deposition.  Later  structure  and  electrode  disassembling  has  clearly  shown 
different  zones  of  enhanced  sputtering  on  electrode  material.  These  zones  correspond  to 
positions  where  electric  arcs  appears,  probably  at  the  end  of  the  useful  laser  discharge.  A 
larger  energy  density  is  locally  and  lately  deposited  ;  these  additions  of  wasted  energy 
generate  strong  acoustic  perturbations.  The  positions  of  these  zones  in  the  actual  device, 
are  related  to  the  electrode  configuration  and  discharge  circuit  characteristics  and  more 
particularly  to  the  position  of  current  return  rods  across  the  flow.  A  precise  analysis  of 
trace  9c  shows  that  the  jumps  (x)  (y)  (z)  are  strongly  related  with  the  described 
sputtering  zones  here  above  and  the  increases  of  recorded  pressure  with  the  transducer  at 
the  location  B  (9d). 

In  order  to  underlines  the  effects  of  discharge  quality  on  the  pressure  waveforms, 
various  discharge  conditions  have  been  investigated.  Fig.  9e  and  9f  represent  the  recorded 
signals  when  discharge  stability  is  very  poor  (in  this  case  the  X-ray  preionization  has 
been  switched  off).  The  comparison  of  Fig.  9c  and  9d  on  one  hand  and  9e  and  9f  on  the  other 
hand  underlines  clearly  the  strong  modification  of  energy  repartition.  The  default  of 
preionization  leads  to  a  full  filamentation  of  the  discharge  along  electrode  axis  and  to  a 
multiplication  of  arcs  (9f).  The  "useful"  deposit  of  energy  which  could  he  considered,  at 
first  order,  as  proportional  to  the  first  jump  of  traces  9c  and  9  d  is  drastically  lowered 
when  preionization  is  switched  off. 

A  first  comparison  of  wave  behavior  when  the  anode  is  a  solid  or  a  perforated  foil  has 
been  done  nevertheless  the  poor  quality  of  the  spatio-temporal  profiles  of  injected  energy. 
It  has  however  been  possible  to  achieve,  with  this  configuration,  an  average  laser  power 
above  150  W  at  1  kHz  FRF  operating  in  burst  mode.  This  output  power  value  has  to  be 
compared  with  the  one  that  has  been  achieved  in  the  previous  laser  head  (200  l.' )  in  quite 
similar  experimental  conditions.  The  pressure  waveforms  (9c  and  9g)  have  been  recorded  with 
two  different  anode  configurations  :  a  thin  (0.5mm)  aluminum  plain  flat  foil  and  a  thin 
(0.5mm)  perforated  aluminum  flat  foil  which  the  transparency  is  equal  to  20  .1  (hole 
diameter  1mm).  The  comparison  of  first  pressure  jumps  of  traces  9c  and  9g  underlines  the 
decrea~:ng  cf  initial  shock  wave  induced  by  the  useful  energy  deposition.  This  decreasing 
is  caused  by  the  expansion  of  the  heated  gas  in  the  backing  volume  through  the  perforated 
anode  foil.  Unfortunately  the  ratio  of  useful  energy  (first  jump)  to  wasted  energy  (other 
jumps)  is  lowered  when  perforated  plate  is  used  and  that  is  confirmed  by  the  pressure 
traces  recorded  with  transducer  11  not  reported  here.  The  last  jump,  visible  on  tiie  waveform 
9g,  appears  at  a  time  corresponding  to  the  reflection  of  initial  shock  wave  by  the  ends  of 
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the  sacking  volume  which  does  not  yet  contain  absorbing  materials.  The  acoustic  energy 
which  has  not  been  transported  away  of  discharge  zone  is  so  redistributed  later  in  the 
1  a  so  r  he a d . 


4.  CONCLUSIONS 


iiuby  ol  waves  behavior  in  a  high  PRF  exciraer  laser  are  in  progress  at  IMPM.  Specific 
d  i  a  inoat  i  c  •;  have  allowed  a  quantitative  analysis  of  pressure  and  density  time  histories  in 
tiio  LX  Lest  bed  laser  head.  Pressure  transducers  allow  to  readily  verify  the  homogeneity 
<>:  electrical  energy  deposit.  The  results  show  that  energy  is  much  less  homogeneously 
ienositeil  at  nigh  i’LL.  A  new  laser  head  designed  to  permit  the  study  of  damping  devices  in 
t:u*  immediate  vicinity  of  discharge  zone  has  been  built.  Pressure  waveforms  and  density 
prof i 1  os  is  well  as  laser  average  power,  achieved  on  this  laser  head,  are  much  more 
dependent  of  luo  irequency  than  in  previous  one.  these  results  underline  :  a)  small  changes 
in  channel  eometry  and  electric  field  distribution  may  play  a  leading  role  -  b)  interest 
to  hi  'inone  ol  a  test  bed  with  powerful  diagnostic  tools  to  optimize  the  design  of  the 
future  European  exciter  laser. 
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Figure  6  :  ,t )  INTERFEi'.OGRAM 


'  t  !ms)  Fringe  pattern  after  an 
energy  deposit  of  100  J/L 


Figure  7  :  (Y,t)  INTERFEROGRAM 


\  t  (ms)  Fringe  pattern  after  an 
energy  deposit  of  150  J/L 

!  V  =  43  m/s 


Shot  No3) 


0 


0.13bars/div 


transducer  A  “S.  cathode  / 

X777 


/  anodeS—  transducer  B 
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-  electrode  voltage  :  24KV. 

-  Ne/Xe/Ha :  5300/50/10. 

-  Pressure  :  2J  Bars. 

•  previous  laser  head 

(a) ,  (b)  transducer  A  :  2  different  time  scales 

-  new  laser  head 

(c)  transducer  A  :  plain  flat  plate 

(d)  transducer  B  :  plain  flat  plate 

(e)  transducer  A  :  plain  Bat  plate  without 
preionisation 

(0  transducer  B  :  plain  Bat  plate  without 
preionisation 

(g)  transducer  A  :  perforated  Oat  plate 


:  Pressure  wave  recordings. 
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University  of  California,  Los  Alamos  National  Laboratory 
P.O.  Box  1663,  MS-E548,  Los  Alamos,  NM  87545 
(505)667-6900 


Abstract 

Because  of  the  attractiveness  of  short  wavelength  lasers  for 
inertial  confinement  fusion  (ICF),  the  Los  Alamos  National  Labo¬ 
ratory  is  engaged  in  a  program  to  investigate  the  feasibility  of  high 
power  KrF  lasers  as  future  ICF  drivers. 

The  main  hardware  element  in  this  program  is  the  Aurora  KrF 
laser  system,  which  is  a  prototype  for  demonstrating  the  appli¬ 
cability  of  optical  angular  multiplexing  and  serial  amplification  by 
large  electron-beam-driven  KrF  laser  amplifiers  to  potential  large- 
scale  fusion  drivers.  Multiplexing  is  a  straightforward  scheme  for 
matching  the  energetic  component  (-5  ns)  of  the  required  target 
pulse  to  the  longer  pulse  time  (-500  ns)  required  for  practical, 
efficient  large-scale  KrF  laser  amplifier  operation. 

Aurora  uses  a  multiplexed  96-element  train  of  5-ns  pulses, 
which  is  amplified  and  passed  through  a  demultiplexer,  where  all 
pulses  in  the  train  are  stacked  in  time  by  using  suitable  time-of- 
flight  delays.  Presently,  the  laser  system  is  configured  to  deliver 48 
stacked  5-ns  pulses  to  the  target  at  multikilojoule  energy  levels.  In 
principal,  it  is  possible  to  extract  energy  levels  exceeding  10  kJ 
from  the  final  Aurora  amplifier.  That  device  has  produced  over 
10  kJ  in  the  past  when  operated  in  a  resonator  configuration. 

In  this  paper,  we  will  report  on  the  performance  of  the  front  end, 
amplifiers,  and  the  optical  train.  Amplifier  improvements,  energy 
extraction  experiments,  and  subsequent  progress  in  the  delivery  of 
demultiplexed  pulses  to  the  target  plane  will  also  be  discussed.  As 
of  this  conference,  we  have  tested  the  amplifier  upgrade  hardware, 
measured  the  gain  on  two  modified  amplifiers,  installed  optics  on 
the  main  power  amplifier,  sized  the  beams  to  the  target  chamber, 
and  begun  firing  the  amplifier  chain  in  a  step-by-step  process  of 
integration  from  the  front  end  lasers  to  the  target  plane.  At  the  time 
of  presentation,  the  second  amplifier  in  the  chain  of  four  has 
exceeded  the  original  design  output  of  50  J  by  more  than  20%. 
Driven  by  this  amplifier,  the  third  amplifier  yielded  an  extracted 
energy  of  550  J.  Experiments  are  in  progress  to  energize  the  final 
amplifier  and  deliver  pulses  to  the  target  chamber. 


Introduction 

The  attractiveness  of  using  short  wavelength  lasers  such  as  KrF 
for  inertial  confinement  fusion  (ICF)  have  been  well  recognized  for 
several  years  [  1-3].  To  translate  the  potential  advantages  of  KrF 
lasers  into  practical  ICF  laser  drivers,  Los  Alamos  is  constructing 
the  Aurora  prototype.  Aurora  is  intended  to  demonstrate  the  appli¬ 
cability  of  KrF  lasers  to  fusion  and  to  serve  as  a  test  bed  for 
particular  technological  aspects  of  larger  KrF  laser  fusion  systems 
(particularly  angular  multiplexing). 

The  Aurora  system  has  been  described  in  detail  in  several 
earlier  publications  [4-7].  An  artist’s  conception  of  the  system  is 
shown  in  Figure  1.  In  this  system,  the  front  end  laser  output  is 
replicated  by  means  of  aperture  slicers,  beamsplitters,  and  mirrors, 
to  produce  a  train  consisting  of  96  individual  5-ns  pulses.  These 
time-encoded  (multiplexed)  pulses,  which  are  spatially  separated, 
are  individually  adjusted  at  the  entrance  pupil  of  an  optical  relay 
system.  At  this  point,  the  beams  are  angle-encoded  (multiplexed) 
in  one-to-one  correspondence  to  their  time  position  in  the  beam 
train.  The  beam  train  is  then  relayed  through  two  single-pass 
amplifiers  (the  Preamplifier  and  the  Intermediate  Amplifier),  a 
double-pass  amplifier  (the  Large  Aperture  Module),  and  then 
demultiplexed  by  the  decoder  before  being  delivered  to  the  target 
chamber.  Three  automated  alignment  systems  are  employed  to 
maintain  optical  alignment:  these  are  located  at  the  input  pupil,  the 
Large  Aperture  module  (and  its  associated  feed  array),  and  at  the 
final  aiming  mirrors. 

To  deliver  short-pulse  KrF  laser  energy  to  fusion  targets,  a 
decoder  (demultiplexer)  optical  system  is  installed  to  compress  the 
multiplexed  beam  train  into  a  single  5-ns  pulse  at  the  target 
chamber.  The  decoder  optics,  the  target  system,  and  the  target 
diagnostics  for  48-beam  energy  delivery  are  presently  installed  and 
operational.  We  have  chosen  to  use  only  48  of  the  96  beams  to 
demonstrate  the  principle  of  Aurora  at  reduced  system  cost. 
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Fig.  3:  The  intensity  at  which  the  SBS  cell  reaches  threshold  is 
adjusted  by  changing  the  SF,  pressure  to  produce  variable  pulse 
widths  from  the  front  end. 


Fig.  4:  Cross  section  for  the  Aurora  LAM  e-gun  assembly.  The 
LAM  e-gun  is  representative  of  the  major  Aurora  devices.  It 
employs  two  parallel-connected  PFLs  for  each  of  its  e-guns  in  a 
double-sided  excitation  arrangement  to  achieve  uniform  pumping 
across  its  1-m  laser  aperture.  The  laser  axis  is  perpendicular  to 
the  plane  of  the  Figure.  The  e-beam  emitter  dimension  is  200  cm 
along  the  laser  axis  and  100  cm  transverse  to  the  axis. 


typically  driven  by  Marx  generator-charged  pulse  forming  lines 
(PFLs)  of  low  impedance  (-2.7  Q  for  most  amplifiers).  The  usual 
electrical  excitation  pulse  length  is  650  ns,  the  diode  voltage  500- 
700  kV,  and  the  current  density  25  A/cm2  at  the  cathode.  Electron 
current  is  transported  into  the  laser  gas  through  metal  (Ti  and  Al) 
foils  and  a  hibachi  support  structure.  Beam  transport  is  aided  by 
externally  applied  magnetic  guide  fields  of  kGauss-level  strengths. 

Aurora  contains  four  electron  beam-driven  KrF  laser  amplifi¬ 
ers  ranging  in  optical  aperture  size  from  10  cm  x  12  cm  to  100  cm 
x  100  cm.  These  devices  are  called  the  Small  Aperture  Module 
(SAM),  the  Preamplfier  (PA),  the  Intermediate  Amplifier  (I A),  and 
the  Large  Aperture  Module  (LAM).  The  nominal  design  character¬ 
istics  of  these  four  amplifiers  are  summarized  in  Table  I. 

Table  I 


Summary  of  Nominal  Design  Specifications 
for  Original  Aurora  Amplifiers 


Device 

SAM 

PA 

IA 

LAM 

Pump  pulse  length  (ns) 

100 

650 

650 

650 

E-Gun  voltage  (kV) 

300 

675 

675 

675 

E-Gun  current  in  gas  (A/cm2) 

12 

10 

10 

12 

E-Gun  Area  (m2) 

0.12 

1.20 

1.20 

2.00 

Input/output  light  energy  (J) 

0.25/5 

1/50 

50/2k 

2k/20k 

Stage  gain 

20 

50 

40 

10 

Laser  Aperture  (cm  x  cm) 

10x12 

20x20 

40x40 

100x100 

Recently,  we  have  completed  upgrades  on  the  SAM,  PA,  and 
LAM  to  increase  their  performance  and  reliability.  Changes  in  the 
cathodes,  hibachis,  and  PFLs  have  enabled  us  to  increase  the 
amount  of  electron  beam  energy  deposited  in  the  laser  gas.  Table  II 
lists  the  new  performance  characteristics  compared  to  previously 
achieved  values. 

The  performance  of  Aurora  amplifiers  has  also  been  char¬ 
acterized  by  measuring  the  gain  of  the  excited  lasermedia.  Figure  5 
illustrates  gain  calculations  and  measurements  for  the  LAM  includ¬ 
ing  the  effects  of  gain  depletion  by  amplified  spontaneous  emission 
(ASE).  In  these  measurements,  the  gain  was  measured  with  aprobe 

Table  II 

Electron  Energy  Deposition  for  Upgraded  Amplifiers 


Elec  iron  Beam 


Amplifier 

Device 

Fraction  of 
Max.  Charge 
Voltage 

Energy 
in  Li 

Deposited 

aserGas 

Hardware 

Changes 

Old 

New 

SAM 

93% 

585  J 

800  J 

Cathode  &  Hibachi 

PA 

92% 

10  kJ 

20  kJ 

Cathode  &  Hibachi 

LAM 

83% 

125  kj 

>175  kj 

PFLs  &  Bushings 

0  12  3  4 


g0(%/cm) 

Fig.  5:  Gain  calculations  and  measurements  for  the  LAM  am¬ 
plifier,  considering  the  effects  of  ASE. 


laser  beam  at  two  different  e-beam  pump  rates.  To  test  the  effects 
of  ASE,  baffles  were  employed  to  reduce  the  LAM  aperture  size 
from  100  cm  to  20  cm  in  the  vertical  direction.  The  performance 
of  the  staged  amplifiers  will  be  discussed  in  the  section  on  system 
integration. 

Optical  System 

The  Aurora  optical  system  serves  to  match  the  short  target  pulse 
requirement  to  the  long  pulse  amplifier  requirement.  The  system 

uses  angle  and  time  multiplexing  to  perform  the  match.  Distance 
is  used  to  provide  the  time  delays  needed  to  time-encode  and 
decode  a  96-beam  pulse  train  of  individual  5-ns  pulses.  The  system 
has  been  described  in  detail  elsewhere  [4—7].  The  main  parts  of  the 
system  are:  (1)  anopticalencodertogeneratethepulsetrain;  (2)  an 
angle-encoder  to  spatially  separate  beams  and  help  direct  them 
through  the  amplifier  chain;  (3)  a  centered  optical  system  to  relay 
beams  through  the  amplifiers;  (4)  an  optical  decoder  to  provide  the 
delay  times  necessary  to  stack  the  train  of  pulses  into  a  single  pulse 
at  the  target;  (5)  a  set  of  final  aiming  mirrors,  focusing  lenses,  and 
alignment  systems  to  direct  the  beams  on  target  and  to  keep  the 
optical  train  aligned.  The  entire  optical  system  has  been  assembled 
and  beams  have  been  sent  to  the  target  chamber  at  low  power. 

Most  of  the  recent  effort  on  the  optical  system  has  concentrated 
on  the  post-IA  optical  train,  particularly  the  installation  and  inte¬ 
gration  of  the  LAM  optics.  The  optical  elements  from  the  IA  to  the 
target  are  shown  in  Figure  6.  The  LAM  mirror  and  window  are 
shown  in  Figure  7.  The  mirror  that  we  are  presently  using  is 
downsized  (about  20%  of  the  full  area)  because  we  are  still  awaiting 
delivery  of  the  full-sized  (1  m  x  1  m)  mirror.  The  optical  train 
shown  in  Figure  6  contains  a  new  coating  on  the  IA  turn  mirror, 
which  will  increase  the  overall  transmission  of  the  optical  system 
by  several  percent. 


Fig.  6:  Optical  layout  showing  the  beam  paths  and  optics  from 
the  IA  to  the  target  focusing  lenses.  Previous  system  integration 
experiments  used  a  set  of  surrogate  LAM  optics  and  a  different 
coating  on  the  turn  mirror  past  the  IA.  A  new  higher  reflection 
coating  has  now  been  applied  to  the  IA  turn  mirror  and  different 
LAM  optics  are  installed. 


Fig.  7:  Photograph  showing  the  downsized  (20%  area)  LAM 
mirror  and  the  monolithic  1  m  x  1  m  full-aperture  window. 


Previously,  we  demonstrated  a  significant  integration  mile¬ 
stone  by  extracting  amplified  96-beam  energy  through  the  Interme¬ 
diate  Amplifier  [7],  Since  then,  we  have  improved  the  performance 
of  three  components  (Front  End,  SAM,  and  PA),  resulting  in  an 
increase  in  the  chain  performance  through  the  IA  from  250  J  to 
550  J.  Figure  8  summarizes  the  Aurora  system  performance  at  the 
time  of  this  conference.  We  are  now  in  the  process  of  directing  the 
beam  train  through  the  LAM  to  amplify  the  total  beam  energy  to  the 
kilojoule  level  and  of  delivering  high  energy  pulses  to  the  target 


157 


Location  in  Amplifier  Chain 

Fig.  8:  The  Aurora  laser  amplifiers  are  being  staged  to  eventu¬ 
ally  produce  5  kJ  in  48  beams  at  the  target  chamber.  Calculated 
and  measured  energies  are  plotted  as  a  function  of  position  in  the 
path  from  front  end  to  target. 

chamber.  When  the  full-sized  LAM  mirror  is  installed,  the  LAM 
output  energy  is  expected  to  increase  to  3-7  kJ  with  the  present  LA 
performance. 

Amplifier  chain  performance  and  energy  transport  to  the  target 
chamber  will  be  characterized  by  measuring  the  laser  energy  and 
intensity  at  various  points  along  the  beam  paths.  Figure  9  illustrates 
the  placement  of  the  diagnostic  instruments  that  will  be  used  in 
these  measurements.  Figures  10, 11,  and  12  are  photographs  of  the 
diagnostics  located  at  the  LAM  feed  array,  the  recollimator  array, 
and  the  target  lens  plate,  respectively.  Additional  detectors,  which 
are  not  shown  in  photos,  will  also  be  placed  behind  the  decoder  mir¬ 
rors  (which  have  been  designed  to  pass  about  1%  of  the  incident 
beam  energy  for  diagnostic  purposes). 

Future  Upgrades  and  Anticipated  Performance 

Recently  we  have  begun  the  design  and  construction  of  an 
upgrade  to  the  existing  Intermediate  Amplifier.  The  objective  is  to 
increase  the  operational  performance  and  reliability  of  the  present 
device.  Our  motivation  for  the  upgrade  is  that  we  cannot  achieve 
the  design  value  of  stage  gain  (40x  at  50  J  input)  with  the  present 
maximal  e-beam  pumping  of  about  35  J/l.  The  major  change  is  to 
increase  the  electrical  drive  for  the  electron  gun  by  adding  a  second 
pulse  forming  line,  which  in  turn  will  increase  the  cathode  voltage 
and  the  specific  energy  deposited  in  the  laser  gas.  Table  III 
compares  the  performance  characteristics  of  the  present  LA  and  the 
upgraded  amplifier.  Figure  13  illustrates  the  expected  LAM  output 
when  driven  by  the  present  IA  and  the  upgraded  IA.  The  IA 
upgrade  should  permit  the  Aurora  system  to  operate  very  close  to 
the  design  value  of  5  kJ  on  target. 


Turn  Mirrors  D.l.»  Mlrrof 


Fig.  9:  Schematic  diagram  showing  the  placement  of  diagnos¬ 
tics  that  are  being  used  to  characterize  the  performance  of  the 
Aurora  system. 


Fig.  10:  Calorimeters  are  installed  at  the  LAM  feed  array  to 
measure  the  LAM  input  (or  IA  output)  energy. 
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Fig.  1 1 :  Calorimeters  and  photodetectors  are  placed  at  the 
recollimator  array  to  characterize  the  LAM  output. 


Fig.  13:  Plot  of  LAM  output  energy  vs  IA  driving  energy  for 
the  present  and  upgraded  Intermediate  Amplifiers. 


Fig.  12:  Calorimeters  and  photodetectors  are  installed  on  the 
t.trget  lens  plate  to  characterize  the  short  pulses  being  sent  to  the 
target  plane. 


TABLE  III 

Design  E-Beam  Pumping  Performance  Characteristics 
for  Intermediate  Amplifier  (IA)  Upgrade 


Upgrade  "UKV 

^machine  limitation 

transmission  assumed  for  hibachis 


Some  sensitivity  analysis  has  also  been  done  to  examine  the 
effects  of  changing  the  F2  concentration  and  the  IA  gas  pressure 
[10],  Figures  14  and  15  show  the  results  of  this  theoretical  analysis. 
This  kind  of  analysis  will  be  expanded  in  the  future  to  provide 
practical  guidance  in  optimizing  the  performance  of  the  integrated 
Aurora  amplifier  chain.  Additionally,  we  have  carried  out  investi¬ 
gations  concerning  the  effects  of  laser  gas  contaminants  and  gas 
mixing  procedures  on  amplifier  performance.  It  has  been  found  that 
careful  control  over  impurities  and  the  mixing  process  must  be 
exercised  to  ensure  consistent  performance.  Impurities  generated 


Pump 

Energy 

Calhode 

Voltage 

Maximal 

Pressure 

Current  Density* 

Diode  Gas 

1  L 

n  i 

35  J/L 

550  kVf 

1000  lorr 

17.6  7.0  A  cm'2 

U.  1 

97J/L 

770  kV 

1400  lorr 

42  8  17.1  A  cm  2 

Fig.  14: 

0.16  0.22 

F2  Fraction 


concentration  (mixture  adjusted  in  all  amplifiers).  A  family  of 
curves  are  plotted  with  the  IA  pressure  as  a  parameter. 


Fig.  15:  Relative  LAM  output  energy  plotted  vs  IA  laser  gas 
pressure.  Little  advantage  is  derived  from  increasing  the  pres¬ 
sure  beyond  700  torr  for  the  present  IA. 


by  the  interaction  of  the  fluorine-bearing  laser  gas  with  the  electron 
beam  foil  materials  have  also  been  studied.  These  results  will  be 
more  completely  discussed  in  a  future  conference  [111. 

Post- Conference  Progress 

Four  days  after  the  presentation  of  this  paper,  the  entire  inte¬ 
grated  Aurora  laser  chain  was  fired  for  the  first  time.  A  96-beam 
multiplexed  pulse  train  containing  approximately  2.5  kJ  was  ex¬ 
tracted  from  the  LAM  and  nearly  a  kilojoule  of  this  energy  (780  J) 
was  delivered  to  the  target  chamber  in  48  beams.  For  this  first  shot, 
a  reduced  size  LAM  mirror  was  used  to  extract  energy  from  the 
central  20%  of  the  full  amplifier  optical  aperture.  Work  is  now  in 
progress  to  install  a  full-sized  mirror  in  the  LAM,  which  should 
allow  energies  in  the  range  4-7  Id  to  be  extracted  from  the  complete 
10.000  cm2  LAM  aperture. 


References 

1 .  A.F.  Gibson,  “Lasers  for  Compression  and  Fusion,”  Con- 
temp.  Phys.,  23,  285  (1982). 

2.  J.F.  Holzrichter,  D.  Eimerl,  E.  V.  George,  J.B.  Tren- 
holme,  W.W.  Simmons,  and  J.T.  Hunt,  “High  Power 
Pulsed  Lasers,”  J.  Fusion  Energy,  2,  5  (1982). 

3.  R.J.  Jensen,  “KrF  for  Fusion:  An  overview  of  Laser 
Issues,”  Fusion  Technology,  11, 481  (1987). 

4.  L.A.  Rosocha,  J.A.  Hanlon,  J.  McLeod,  M.  Kang,  B.L. 
Kortegaard,  M.D.  Burrows,  and  P.S.  Bowling,  “Aurora 
Multikilojoule  KrF  Laser  System  Prototype  for  Inertial 
Confinement  Fusion,”  Fusion  Technology,  11,  497 
(1987). 

5.  J.A.  Hanlon  and  J.  McLeod,  “The  Aurora  Laser  Optical 
System,”  Fusion  Technology,  11,  635  (1987). 

6.  J.  McLeod,  “Output  Optics  for  Aurora:  Beam  Separation, 
Pulse  Stacking,  and  Target  Focusing,”  Fusion 
Technology,  11,654  (1987). 

7.  L.A.  Rosocha  and  L.S.  Blair,  “Recent  Progress  on  the 
Los  Alamos  Aurora  ICF  Laser  System,”  Proceeding  of 
the  Int.  Conf.  on  Lasers  '87,  p.  164  (1988). 

8.  S.J.  Thomas,  K.W.  Hosack,  L.J.  Lopez,  I.J.  Bigio,  and 
N.A.  Kumit,  “Improved  Performance  of  the  Aurora  Front 
End  with  the  Use  of  a  Phase-Conjugate  Mirror,”  Digest 
of  Technical  Papers,  CLEO  ’88,  p.  92  (1988). 

9.  L.A.  Rosocha  and  K.B.  Riepe,  “Electron-Beam  Sources 
for  Pumping  Large  Aperture  KrF  Lasers,”  Fusion 
Technology,  11,576  (1987). 

10.  B.J.  Krohn,  Los  Alamos  National  Laboratory,  unpub¬ 
lished  results,  Dec.  1988. 

11.  R.  G.  Anderson  and  R.  A.  Tennant,  "Evaluation  of 
E-Beam  Foil  Materials,"  to  be  presented  at  CLEO  '89 
Conference,  Baltimore,  MD. 


Acknowledgments 

The  authors  express  their  appreciation  to  the  members  of 
the  Aurora  project  team  for  their  dedicated  effort  toward  the 
accomplishments  reported  in  this  paper.  Additional  thanks  go 
to  Ruth  Holt  for  illustrations  and  layout  and  to  Becky  Johnson 
and  Donna  Duran  for  document  preparation. 


160 


HIGH- TOWER,  NARROW- BANDWIDTH  KrF  EXCIMER  LASER 


Hajime  Nakatani,  hitoshi  Wakata,  Yoshibumi  Minowa,  and  llaruhiko  Nagai 

Mitsubishi  Electric  Corporation,  Itami  Works  and  Central  Research  Laboratory 
8-1-1,  Tsukaguchi-honmachi ,  Amagasaki,  Hyogo  661,  Japan 


Abstract 

A  narrow-bandwidth  KrF  excimer  laser  for  use  in  microlithography  has  been  developed. 

The  output  power  and  the  bandwidth  of  the  laser  is  6.4  K  at  250  Hz  repetition  rate  and  3pm 
respectively.  The  laser  is  preionized  by  a  surface  corona  discharge  in  order  to  prolong 
the  gas  life-time. 


Introduction 

Device  design  criteria  of  half  micrometer  linewidths  have  driven  optical  lithography  to 
extend  its  imaging  wavelength  into  the  deep  ultraviolet  region.  Excimer  lasers  are  the 
only  source  which  produce  the  high  spectral  brightness  at  these  wavelengths.  The  required 
specifications  of  an  excimer  laser  (KrF)  presented  at  the  Nikkei  Micro-Devices  Symposium 
held  in  1987  Cl )  are  as  follows  ; 

(1)  Long  life-time  of  laser  gas. 

(2)  Low  coherency  of  the  output  laser  beam  (to  avoid  speckle  noise  on  the  IC  pattern). 

(3)  A  spectral  bandwidth  narrower  than  5pm.  (1pm  =  1  *  10_I‘m) 

(4)  Output  power  higher  than  15  W. 

In  this  paper,  we  describe  the  newly-developed  preionization  system  using  a  surface  corona 
discharge,  estimation  of  spectral  bandwidth  and  efficiency,  and  experimental  results. 


Electrode  configuration  and  gas  life-time 

The  laser  is  pre-ionized  by  a  newly-developed  corona  discharge  on  the  surface  of  a 
dielectric  as  shown  in  Fig.  1.  A  perforated  metal  plate  (anode)  is  attached  to  an  alumina 
dielectric  plate.  On  the  opposite  side  of  the  alumina,  an  auxiliary  electrode  is  placed 
and  connected  to  the  cathode.  The  electrode  spacing  between  the  anode  and  the  cathode  is 
20mm.  When  the  pulse  voltage  having  a  rise-time  of  100ns  and  a  crest  voltage  of  2rkV  is 
applied,  corona  discharge  occurs  automatically  and  uniformly  on  the  surface  of  the  alumina 
plate . 

This  configuration  is  effective  for  suppressing  the  reduction  of  output  power  due  to 
gas  deterioration.  Fig.  2  shows  the  gas  life-time.  The  laser  is  operated  at  a  constant 
charging  voltage  and  at  a  repetition  frequency  of  200  Hz  under  gas-sealed  condition.  The 
laser  gas  is  recirculated  through  a  cryogenic  gas  purifier  system.  No  fluorine  gas  is 
injected  into  the  laser  during  the  test.  This  laser  can  operate  for  8  hours  without  any 
power  drop. 


Construction  of  the  resonator 

It  was  made  clear  by  Prof.  W’atanabe  that,  in  order  to  get  a  low  coherent  beam,  a  stable 
resonator  having  a  large  beam  diameter  bigger  than  10  mm  has  to  be  used^1) .  Fig.  3  shows 
the  construction  of  the  resonator.  More  than  one  Fabry-Perot  etalons  are  used  inside  the 
stable  resonator  in  order  to  reduce  the  spectral  bandwidth.  The  beam  profile  in  the  case 
of  a  spectral  bandwidth  of  3pm  is  shown  in  Fig.  3.  The  beam  size  is  6mm  x  16mm  (FWHM) , 
which  is  large  enough  to  reduce  the  beam  coherence. 


Spectral  bandwidth  and  spectral  narrowing  efficiency 

Curve  A  in  Fig.  4  shows  the  free-running  spectrum  of  the  KrF  excimer  laser  and  curve  B 
shows  the  spectral  distribution  of  the  transmitted  laser  beam  through  an  etalon.  The 
important  parameters  of  the  etalon  are  the  spectral  bandwidth  (denoted  by  '  )  and  the  peak 
transmission  (denoted  by  Tp) . 

Spectral  bandwidth 

When  the  etalon  is  used  inside  the  resonator,  the  laser  bandwidth  becomes  narrower  than 
the  eta  Lon  bandwidth.  The  laser  bandwidth  depends  on  the  number  of  times  of  the  laser 
light  passing  through  the  etalon.  In  order  to  estimate  the  laser  bandwidth  the  temporal 
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change  in  the  laser  light  intensity  has  been  calculated. 

i'ivj.  5-  (a)  shows  the  measured  wavetorms  of  the  fluorescence  intensity  and  the  laser 
light  intensity.  On  the  assumption  that  the  gain  coefficient  go  is  proportional  to  the 
fluorescence,  the  waveform  of  g ;  is  approximated  by  a  triangular  shape  as  indicated  in 
rig.  5- (b) .  g .  ,  the  loss  coefficient  <  per  unit  length  and  saturation  intensity  Is  are 
found  from  measurements  of  the  output  power  with  a  number  of  different  mirror  reflectances 
fitted  to  Rigrod's  relation^-’. 

The  laser  light  intensity  is  calculated  against  the  number  of  times,  P,  that  the  laser 
light  passes  through  the  etalon,  after  the  gain  overcomes  the  loss.  It  is  normalized  by 
the  spontaneous  emission  intensity  and  plotted  in  Fig.  5- (c) .  From  this  calculation  it  is 
found  that  the  laser  light  passes  through  the  etalon  from  5  to  10  times  in  this  case.  The 

pulse  duration,  time  is  18  ns. 

Fig.  6  shows  the  effective  finesse  of  the  etalon  increases  with  increasing  the  number 
cf  tires,  P.  When  the  number  is  from  5  to  10,  the  effective  finesse  becomes  three  times 
th  ■  initial  value  Therefore,  it  is  estimated  front  this  model  calculation  that  the  laser 
bandwidth  is  seduced  to  one  third  of  the  etalon  bandwidth.  This  result  coincides  well 

w ;  t ;• .  t h e  e a erim.ental  result. 


cf  sc-ectral  narrowma 


As  the  peak  transmission  of  the  etalon  is  lower  than  100 ’i,  the  etalon  is  considered  to 
be:  equivalent  to  a  loss  plate  having  a  transmission  of  Tp  inside  the  resonator.  The  laser 
cutout  as  a  function  of  peak  transmission  is  calculated  by  adding  the  loss  plate  to 

!•■  in  red  '  s  model  1  -  ■'  . 

I  he  dotted  curves  in  Fig.  7  indicate  the  calculated  results.  In  this  diagram,  the 
circles,  triangles  and  squares  show  the  experimental  results.  It  was  found  that  the 
calculated  results  coincide  well  with  the  experimental  results,  and  that  in  order  to 
achieve  high  efficiency  of  spectral  narrowing,  the  peak  transmission  of  etalon  has  to  be 
raised  as  high  as  possible. 


Data 


Fig.  z  shows  the  laser  output  power  as  a  function  of  repetition  frequency.  Curve  A 
indicates  the  data  without  the  etalon.  The  laser  power  is  2 i  W  at  250  Hz.  Curves  B  and  C 
shew  the  data  when  the  eta  ions  having  different  specifications  are  used.  In  every  case, 
the  output  power  increases  almost  linearly  with  increasing  repetition  frequency  up  to  250 
Hz.  The  maximum,  power  of  13  w  has  been  obtained  with  a  spectral  bandwidth  of  10pm.  The 
power  was  decreased  to  6.4  W  when  the  bandwidth  was  narrowed  down  to  3pm. 

The  spectral  distribution  in  the  case  of  curve  C  was  measured  by  an  external  etalon. 
I':-'.  9-  (a)  shows  the  fringe  pattern.  The  spectral  bandwidth  (FWHM)  is  narrower  than  3pm 
skew:  in  F.g.  9-(L>).  Almost  all  the  output  energy  is  contained  within  the  spectral 
range  cf  1  Opr  . 


Conclusions 


( 1 >  A.  KrF  excimer  laser  pro— ionized  by  a  corona  discharge  on  the  surface  of  alumina  has 
iw..  er.  developed  for  use  in  m  icrolithography .  This  laser  can  operate  for  hours  at  a 
repetition  frequency  of  200  Hz  without  any  power  drop  under  gat-sealed  condition  and 

without  F.  gas  injection. 

(2)  A  low  coherent  beam,  with  a  spectral  bandwidth  of  3pm  is  obtained  by  using  etalons 
inside  a  stable  resonator.  The  beam  cross-section  is  6nur.  *  16mm,  large  enough  to  reduce 

the  it  am  coherence. 

( 3 )  In  order  to  reduce  the  spectral  bandwidth  from  400pm  to  3pm,  the  laser  output 
decreases  from  24  W  to  6.4  W. 

(4)  The  calculated  results  of  the  bandwidth  and  efficiency  of  spectral  narrowing  coincide 
wo  1  1  with  the  experimental  results.  The  laser  bandwidth  is  reduced  to  about  one  third  of 

the  etalon  bandwidth. 
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Fig.  9  Experimental  results  of  spectral  bandwidth. 

(monitor  etaion:  FSR  =  25.6pm,  resolving  power  >  0.85pm) 


166 


INTRACAVITY  FLUX  DEPENDENT  ABSORPTION  IN  E-BEAM  PUMPED  KRF 

J.F.  Seamans ,  W.D.  Kimura 
Spectra  Technology,  Inc. 

2755  Northup  Way 
Bellevue,  Washington  98004-1495 

and 

D.E.  Hanson 

Los  Alamos  National  Laboratory 
P.0.  Box  1563,  MS-J569 
Los  Alamos,  New  Mexico  87545 

Abstract 

Transient  absorption  measurements  are  performed  on  e-beam  excited  KrF  under  lasing  and 
nonlasing  conditions  for  10%  Kr  (Ar  diluent)  and  99.6%  Kr  gas  mixtures.  The  intracavity 
flux  is  varied  by  changing  the  output  mirror  reflectivity.  The  deposition  rate  for  this 
experiment  is  8386  kW/cm  .  For  the  10%  Kr  and  Kr-rich  mixtures,  the  small  signal  absorption 
at  248.4  nm  is  0.76%/cm  and  1.25%/cm,  respectively;  while  the  nonsaturable  absorption  is 
0.62%/cm  and  0.90%/cm,  respectively.  A  flux  loading  of  81.5  MW/cm^  is  needed  to  achieve 
nearly  complete  saturation  of  the  saturable  absorption. 


Background 

In  an  ongoing  effort  to  support  the  KrF  laser  modeling  program  at  Los  Alamos  National 
Laboratory  (LANL) ,  Spectra  Technology,  Inc.  (STI)  has  been  conducting  various  experiments  on 
its  e-beam  pumped  laser  facility  (Tahoma) .  One  of  the  goals  of  these  experiments  is  to 
generate  a  complete  set  of  data  at  a  known  operating  condition  in  order  to  provide  data  to 
help  validate  the  LANL  model.  The  Tahoma  laser  facility  has  proved  to  be  a  device  very 
suitable  for  such  a  task.  The  laser  has  been  used  extensively  in  many  experiments.  It  is 
both  a  well  characterized  and  reliable  device.  Some  of  the  experiments  included  in  the  set 
of  KrF  characterization  data  are  transient  absorption  and  gain  measurements  under  lasing 
(loaded)  and  nonlasing  (unloaded)  conditions,  e-beam  pumping  characterization  measurements, 
and  intrinsic  efficiency  measurements.  This  paper  discusses  the  transient  absorption 
experiment  results. 


Description  of  Experiment 

The  laser  is  a  Marx  powered  cold-cathode  vacuum  diode  that  delivers  8375  keV  electrons 
at  the  foil.  A  magnetic  guide  field  of  2  kgauss  confines  the  e-beam  to  a  6  cm  x  70  cm  area 
at  an  average  current  density  of  832  A/cni  .  The  pulse  length  is  variable,  but  for  this  work 
it  is  8450  ns.  The  cylindrical  active  volume  of  3.5  cm  dia.  x  70  cm  is  located  3.5  cm  away 
from  the  e-beam  foil. 

Absorption  in  the  laser  active  volume  is  obtained  by  measuring  the  input  and  output 
intensities  of  a  tunable  pulsed  probe  laser  passing  twice  through  the  laser  chamber. 
Measurements  are  mad^  during  lasing  and  nonlasing  conditions  in  order  to  investigate  the 
dependence  of  the  absorption  on  the  laser  flux.  A  similar  technique  has  been  used  by 
others^  to  measure  the  absorption  characteristics  in  KrF.  Figure  1  is  a  schematic  of  the 
measurement  system. 


A  tunable  dye  laser  is  pumped  by  a  pulsed  Nd : YAG  laser  tripled  to  355  nm.  The  dye 
output  is  then  doubled  utilizing  a  BB0  crystal  cut  for  250  nm.  Due  to  gain  around  248  nm, 
the  absorption  characteristics  of  the  medium  must  be  measured  by  tuning  the  probe  light 
sufficiently  away  from  248  nm  to  avoid  detecting  any  off-line  gain.  It  is  found  that  the 
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probe  wavelengths  must  be  at  least  «8  nm  on  either  side  of  line  center  to  avoid  any 
appreciable  gain  contributions.  The  wavelengths  chosen  for  the  off-line  measurements  are 
240.0  nm  and  257.3  nm .  (The  absorption  on  line  center  is  calculated  by  performing  a  linear 
interpolation  between  the  240.0  nm  and  257.3  nm  data.) 


PHOTODIODE 


Fig.  1.  Schematic  of  transient  absorption  measurement  system. 


A  beam  splitter  divides  the  primary  beam  into  two  beams.  The  transmitted  beam 
(reference)  travels  directly  to  a  photodiode  while  the  reflected  beam  (probe)  is  directed 
through  an  optical  delay  path  that  includes  two  passes  through  the  laser  chamber  before 
detection  by  the  same  photodiode.  Employing  a  single  photodiode  eliminates  the  need  to 
calibrate  multiple  detectors.  The  optical  delay  is  long  enough  to  allow  viewing  both 
reference  and  probe  signals  without  temporal  overlap.  The  probe  is  inserted  into  and 
extracted  from  the  oscillator  cavity  without  interfering  with  the  intracavity  flux  by  using 
small  turning  prisms.  Intracavity  irises  control  the  output  laser  beam  diameter  to  prevent 
coupling  any  significant  laser  radiation  into  the  prisms  and  the  photodiode.  Note  that  the 
rear  high  reflector  mirror  of  the  laser  cavity  also  serves  as  the  middle  mirror  for  the 
double  pass  of  the  probe  beam.  Although  a  convenient  method  for  enabling  the  double  pass  of 
the  probe  beam,  this  feature  also  tends  to  complicate  the  analysis  of  the  absorption  data 
because  of  amplified  spontaneous  emission  (ASE)  effects  during  nonlasing  conditions.  This 
will  be  discussed  later.  The  intracavity  flux  is  varied  by  simply  changing  the  output 
couplers . 

Additional  diagnostics  not  shown  in  Figure  1  are  two  photodiodes  and  an  laser  energy 
meter.  One  photodiode  measures  the  laser  pulse  profile  by  detecting  the  small  amount  of 
laser  light  that  leaks  through  the  high  reflector,  and  the  second  photodiode  detects  the 
sidelight  fluorescence  at  the  center  of  the  active  volume.  The  energy  meter  measures  the 
laser  output  fluence  from  which  the  intracavity  flux  can  be  calculated. 

The  KrF  gas  mixtures  studied  are  an  argon  diluent  mix  (14.5??  Kr)  and  an  argon-free 
(99.6??  Kr)  mix  at  total  pressures  of  1004  and  665  torr,  respectively.  For  both  mixtures, 
the  Fg  pressure  is  kept  constant  at  2.8  torr. 

As  mentioned  earlier,  the  feedback  from  the  high  reflector  during  nonlasing  conditions 
aggravates  the  ASE  loading  within  the  cavity.  This  potentially  impacts  the  absorption 
measurements  because  during  nonlasing  there  may  still  be  an  appreciable  amount  of 
intracavity  flux  present  due  to  ASE.  An  ASE  code  developed  at  STI^  predicts  i20  kW/cm^  of 
flux  loading  based  on  the  gain  measurements  made  by  probing  on-line  center  at  248.4  nm.  As 
will  be  shown,  the  saturable  loss  component  ag  requires  >1  MW/cm^  to  saturate. 

Consequently,  the  ASE  effects  can  be  considered  negligible  and  are  therefore  ignored 
throughout  the  analysis. 
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Results 


Figure  2  shows  the  measured  absorption  values  versus  the  average  intracavity  flux.  The 
average  flux  is  calculated  using  the  measured  laser  output  fluences  in  the  aforementioned 
ASE  code.  As  part  of  its  calculations ,  the  code  also  calculates  the  flux  conditions  during 
lasing  within  the  cavity.  For  this  data,  the  pumping  rate  is  ^386  kW/cm^. 


Fig.  2.  Absorption  data  as  a  function  of  the  average  intracavity  flux. 


The  absorption  results  for  both  Kr-rich  (open  symbols)  and  Ar-diluent  mixtures  (closed 
symbols)  are  presented.  The  graph  shows  that  at  both  probe  wavelengths,  the  absorption  for 
the  Ar-diluent  mix  is  always  smaller  at  a  given  flux  loading  than  for  the  Kr-rich  mix. 

Also,  the  absorption  at  257.3  nm  is  always  higher  than  at  240.0  nm.  The  higher  absorption 
at  the  longer  wavelengths  has  been  observed  by  others  and  is  probably  due  to  absorbing 
species  such  as  K^F  ,  AjTg ,  and  K^- 

2 

With  regard  to  the  effects  of  the  intracavity  flux,  for  an  average  flux  of  11.5  MW/cm  , 
the  absorption  in  all  cases  drops  to  a  constant  level  which  is  interpreted  as  representing 
the  nonsaturable  loss.  Performing  the  experiment  at  15%  to  20%  higher  deposition  yields 
nearly  identical  results. 


Discussion 


The  absorption  at  248.4  nm,  derived  by  linear  interpolation  of  the  240.0  nm  and 
257.3  nm  absorption  data,  are  summarized  as  follows.  For  the  Kr-rich  mixture,  the  small 
signal  absorption  (saturable  +  nonsaturable)  is  1.25%/cm,  which  is  64%  larger  than  the 
absorption  for  the  Ar— diluent  mixture  at  0.76%/cm.  For  the  saturable  absorption  component, 
it  is  found  that:  a  (Kr-rich)  »  2.5  a  (Ar-diluent).  While  for  the  nonsaturable  component 
the  relationship  is:  a  (Kr-rich)  8  1.5  (Ar-di luent) .  Finally,  the  data  indicates  that 
saturation  of  as  requires  a  flux  of  81.5  MW/cm  . 

Comparison  of  the  results  obtained  at  STI  with  other  results  found  in  the 
1 iterature , ^ y ^  ^  show  a  general  tendency  for  the  absorption  to  increase  with  deposition 
rate.  Figure  3  shows  the  measured  small  signal  absorption  versus  deposition  rate.  Also 
plotted  is  the  LANL  model  prediction  of  the  email  signal  absorption  for  pumping  rates 
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<500  kW/cin  (1055  Kr  mixture).  The  agreement  with  the  data  is  fair. 


Additional  work  is  in  progress  to  consolidate  the  absorption  data  with  other 
measurements  performed  on  the  laser  in  order  to  complete  the  characterization  package  for 
the  model  validation. 


^S  +  CKn 
-6-  4%  Kr 
Q  6%  Kr 
A  10%  Kr 
O  15%  Kr 
□  99.7%  Kr 

4%  Kr 

4  6%  Kr 

•  15%  Kr 
■  99.7%  Kr 


Fig.  3.  Absorption  data  as  a  function  of  the  e-beam  deposition.  The  solid  curve  is  the 
prediction  from  the  LANL  model  for  a  1055  Kr  mixture. 
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VISIBLE  WAVELENGTH  FREE  ELECTRON  OSCILLATOR 
D.  R.  Shoffstall 
Boeing  Aerospace  Company 
Seattle,  Washington 


Abstract  (0) 

(U)  The  overall  goal  of  the  visible 
oscillator  program  is  to  demonstrate  that  a  large 
FEL  interaction  strength  can  be  obtained  at 
approximately  600-rra  wavelength.  The  gain- 
extraction  product  increases  with  increasing 
wiggler  length,  and  a  5-m  length  with  hybrid  SnCoc 

technology  was  identified  at  the  program  start^ 
as  providing  satisfactory  interaction  strength, 
reasonable  cost,  and  an  acceptable  extrapolation 
from  previous  wigglers.  The  120-MeV  LINAC 
comprises  five  accelerator  sections,  each  powered 
by  a  12 -MW  peak  output  RF  klystron  power  station. 
The  operating  frequency  is  1.3  GHz.  The 
structure  is  a  constant  gradient  traveling  wave 
(TW),  operating  in  the  3m/4  mode.  A  TW  design 
was  chosen  to  accommodate  the  wide  range  of  beam 
loading  conditions  required  in  the  FEL 
experimental  series.  The  radio  frequency  (RF) 
LIN’AC  current  format  is  a  series  of  high-current 
micropulses  spaced  at  the  two  way  oscillator 
cavity  transit  time.  The  envelope  of  these 
pulses,  the  macropulse,  is  selected  to  be  long 
enough  to  examine  the  laser  startup  and  beam 
quality  physics,  nominally  100-20Qus. 

1.0  Summary  (U) 

(U)  The  extension  of  free  electron  lasers 
(FEL)  laboratory  scale  research  dedicated  to  a 
deployed  and  fully  operational  weapon  system 
requires  significant  advances  in  accelerator  and 
laser  technology.  The  power  and,  wavelength 
scaling  to  a  weapon  size  system  entails  critical 
technology  risks  and  related  issues.  The  Boeing 
Aerospace  Company  (BAC)  with  Strategic  Defense 
Initiative  Office  (SDIO)  and  United  States  Army 
Strategic  Defense  Command  (USASDC)  concurrence, 
has  mapped  an  incremental  approach.  The 
successful  execution  of  this  experimental  series 
will  prove  the  scientific  feasibility,  provide 
the  critical  technology  and  suppxcrt  the  USASDC 
readiness  to  proceed  with  a  medium-power  FEL 
device  demonstration  at  White  Sands  Missile  Range 
(WSMR) . 

(U)  This  papier  reports  on  the  progress  and 
status  of  the  first  incremental  step. 

2.0  Experimental  Design  and  Configuration  (U) 

(U)  The  overall  goal  of  the  visible 
oscillator  program  is  to  demonstrate  that  a  large 
FEL  interaction  strength  can  be  obtained  at 
approximately  500-nm  wavelength.  This 

interaction  strength  is  properly  measured  in 

1  2 

terms  of  the  gain-extraction  product  '  and  in 
this  case,  a  design  goal  was  chosen  for  5% 
extraction  with  the  available  optical  gain  large 
enough  for  suitable  oscillation  startup  and 
saturation  within  the  macropulse  length  ( 100— 
200  s  nominal ) . 

(U)  The  gain- extraction  product  increases 
will i  increasing  wiggler  length,  and  a  5-m  length 


(U)  with  hybrid  SmCo,  technology  was  identified  at 

y 

the  program  start  as  providing  satisfactory 
interaction  strength,  reasonable  cost,  and  an 
acceptable  extrapolation  from  previous  wigglers. 
With  the  assumption  of  a  wavelength  and  wiggler 
length,  an  optimization  analysis  assuming  a 
perfect  electron  beam  (no  energy  spread  or 
emittance)  shows  that  approximately  100-MeV  energy 
and  a  2-cm  period  are  required.  The  incorporation 
of  realistic  emittance  and  energy  spread  values 
modify  this  result,  and  a  detailed  calculation  of 

4 

the  available  gain  for  various  electron  beam 
qualities  is  shown  in  figure  2.1.  Each  curve  is 
drawn  under  the  assumption  that  the  wiggler  is 
optimized  for  the  particular  conditions  at  that 
point. 

(U)  The  shift  in  optimum  operating  point  with 
changing  electron  beam  quality  is  seen  in  figures 
2.2  and  2.3.  In  figure  2.2,  the  trend  to  larger 
e-beam  energy  with  increasing  emittance  is 
observed.  This  shift  results  from  the  sensitivity 
to  off-axis  electrons  being  dependent  on  the 
wiggler  wavelength.  The  design  point  of  figure 
2.2  is  purposefully  chosen  to  slightly  higher  than 
optimum  energy  for  the  expected  0.01-cm-rad 
emittance,  to  reduce  the  gain  loss  if  slightly 
larger  emittances  are  encountered.  The  importance 
of  designing  the  system  for  the  particular 
emittance  expected  is  shown  dramatically  in  figure 

2.3.  Here  the  gain  fall  off  as  a  function  of 
emittance  is  shown  for  three  separate  designs, 
each  optimized  for  a  different  emittance.  The 
performance  at  0.01  cm-rad  is  quite  poor  for  the 
zero  emittance  design,  but  for  operation  at  0.01 
cm-rad  with  the  0.01-cm-rad  design,  the  gain  is 
substantially  larger. 

(U)  The  basic  parameter  set  for  the  electron 
beam,  wiggler,  and  optical  cavity  is  shown  along 
with  the  fundamental  laser  parameters  in  figure 

2.4.  The  combination  of  100-A  peak  current  and 
the  5-m  tapered  undulator  produce  a  small  signal 
gain  of  20%  and  a  saturated  gain  of  10%.  The 
extraction  at  saturation  is  5%.  Higher  gains  are 
available  at  reduced  tapper  and  extraction.  The 
55-m  optical  cavity  length  is  determined  directly 
by  the  required  extraction  and  available  gain. 
The  mirrors  are  separated  from  the  wiggler  to  the 
point  at  which  the  macropulse  average  incident 

2 

intensity  of  300  kW/cm  .  This  operating  point  for 
the  mirrors  is  estimated  to  be  within  the 
capability  of  the  dielectric  coatings,  based  on 
related  measurements  at  Los  Alamos  National 

Laboratory  ( LAND 

(U)  The  Physical  Sciences  Center  at  Boeing  has 
been  enlarged  to  accommodate  the  accelerator  and 
laser.  The  experimental  configuration  is  shown  in 
figure  2.5.  The  facility  size  is  roughly  12  m  x 
70  m. 

3.0  RF  LINAC  (U) 

(U)  Accelerator  Design.  The  120-MeV  LINAC 
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(U)  comprises  five  accelerator  sections,  each 
powered  by  a  12-MW  peak  output  RF  klystron  power 
station.  The  operating  frequency  is  1.3  GHz. 
The  structure  is  a  constant  gradient  traveling 
wave  (TW),  operating  in  the  3w/4  mode.  A  TW 
design  was  chosen  to  accommodate  the  wide  range 
of  beam  loading  conditions  required  in  the  FEL 
experimental  series.  The  radio  frequency  (RF) 
LINAC  current  format  is  a  series  of  high-current 
micropulses  spaced  at  the  two  way  oscillator 
cavity  transit  time.  The  envelope  of  these 
pulses,  the  macropulse,  is  selected  to  be  long 
enough  to  examine  the  laser  startup  and  beam 
quality  physics,  nominally  100-200ms.  As  a 
consequence  of  this  long  macropulse  requirement, 
the  susceptibility  of  the  accelerator  waveguide 
to  beam  nreakup  Decor.es  a  major  issue.  To 
address  this  problem,  the  structure  has 
innovative  features  to  mitigate  the  influence  of 
dipole  cavity  modes  and  transverse  Wakefields. 
Synchronous  interaction  of  the  beam  with 
transverse  electromagnetic  modes  is  minimized  in 
3m  '4  mode  structure  since  TM  -like  modes  do  not 

propagate  at  the  velocity  of  light  .  In 

addition,  since  the  transverse  modes  have  a 
negative  group  velocity,  they  can  be  removed  from 
the  stricture  at  the  upstream  end  of  the 
waveguide.  This  is  accomplished  by  routing  the 
higher  modes  through  the  input  RF  coupler  to  a 
resistive,  probe  loaded  coaxial  pipe. 

CJi  Transverse  wakefield  effects  which  can 
degrade  emittance  of  high-charge  micropulses  are 
strongly  dependent  on  the  disk  aperture  diameter. 
A  large  aperture  structure  with  acceptably  low 
group  velocity  is  achieved  with  thick  disks. 
Shunt  impedance  is  enhanced  by  contouring  the 
disk  nosecones  and  coving  the  cavities.  The 
resultant  apertures  range  from  5-7  cm,  roughly 
three  times  the  size  used  in  our  S-band  Stanford 
Linear  Accelerator  Center  (SLAC)-lik'e  prototype 
accelerator . 


(U)  the  prebuncher  cavities.  A  full  solenoidal 
magnetic  field  provides  radial  containment  and 
focusing  of  the  electron  beam.  A  tapered 
collimator  in  the  last  drift  section  limits  beam 
size  and  entry  angle  at  the  buncher. 

(U)  The  electron  source  is  similar  to  the 
SLAC-collider  injector  gun  design.  This  gun 
provides  a  high  brightness  output  and  the 
relatively  low  grid  drive  voltage  is  advantageous 
for  our  requirement  of  high  repetition,  nanosecond 
pulse  gating. 

(U)  RF  Power  Stations.  Installation  and  testing 
of  the  1.3-GHz  RF  power  stations  for  the  FEL 
oscillator  experiment  have  been  completed.  Each 
of  these  stations  was  tested  to  the  following 
specifications. 

RF  Power  15  MW  10  MW 
RF  Pulse  Width  ISGjtS  3GQus 
RF  Average  Power  00  kW  50  KW 

(0)  A  drawing  of  the  RF  power  station  is  shown  in 
figure  3.5. 

(V)  The  RF  power  supply  circuit  is  divided  into 
three  subassembly  cabinets: 

a.  (U)  The  high-voltage  dc  power  supply  is  a 

30-kV,  10  average,  SCR-regulated  supply 
with  soft  start  voltage  programming  and  an 
automatic  load  over-current  trip  with  o-ns 
response  time  to  isolate  the  power  supply 
free.  the  mains. 

b.  (V)  The  regulator  circuit  includes  the  filter 

capacitors,  a  2ii  air-core  resonant 
charging  choke,  and  a  floating  deck  de-C 
regulator.  The  circuit  regulation  is  1%. 
The  air-core  choke  prevents  high-current 
faults  from  load  shorting. 


CJ)  Measurements  of  beam  induced  cavity  modes 
have  been  performed  for  candidate  structure 

designs.  These  tests"7  show  significant 

transverse  mode  reduction  in  the  design 
structure. 

(Lb  Figure  3.1  is  a  schematic  drawing  of  the 
acceleration  guide.  The  electrical  character¬ 
istics  are  given  in  figure  3.2. 

Cub  The  electric  field  strength  at  12-MW 
input  is  9.9  MV/m  and  the  section  no-load  energy 
gain  is  29.1  MeV.  The  full  accelerator  load  line 
and  FEL  operating  point  are  given  in  figure  3.3. 

(u)  I  ejector.  A  two  stage  subharrronic  injector 
for  tiie  120-MeV  LINAC  has  been  designed  and 
tested  with  the  existing  S-band  accelerator. 
Single  microbunch  output  beam  current  of  120A 
with  emittance  of  0.008  ern-rad  and  energy  width 
8  9 

of  1%  has  been  measured  '  . 

(lb  The  subharmonic  injector,  figure  3.4, 
consists  of  3  high-current  triode  gun^  two 
standing  wave  cavity  prebunchers  and  a 
fundamental  frequency  tapered  phase  velocity 
hunnher.  A  "pepper  pot"  emittance  measurement 
and  tuning  diagnostics  occupy  the  space  between 


c.  (U)  The  modulator  circuit  includes  the 
52-coil,  52-capacitor,  300  «s,  1C  ;hm 
pulse-forming  line;  the  output  thyratron 
switch;  and  the  line  rind  load  protection 
circuitry.  The  power  supply  control 
electronics  are  also  located  in  this 
enclosu re. 

(H)  The  power  supply  average  power  is  upgradable 
to  100  kW  with  a  replacement  thyratron,  all  other 
components  are  full  100  kW  RF  rated. 

(U)  The  supplies  are  fully  computer 
controlled,  with  filler  optic  linkage  to  the  main 
control  room  for  electrical  noise  immunity. 

(U)  Thomson-CSF  has  developed  a  new  long  pulse 
L-band  klystron  designated  as  TH2104  for  the  FEL 
series.  Six  of  these  tubes  have  lieen  procured. 
All  tubes  were  delivered  on  time  and  all  have 
fully  met  or  exceeded  our  operating  requirements. 
A  configuration  drawing  and  the  performance 
specif icatiorls  for  the  TH2104  klystron  are  shown 
in  f igure  3.6. 


(Ui  The  FEL  electron  beam  transport  system  is 
composed  of  three  sect i ens ,  3S  shown  in  figure 
4.1.  The  beam  from  the  accelerator  enters  the 


(U)  first  section,  a  quadrupole  focus-drift- 
defocus-drif t  (FODO)  array,  which  measurer  beam 
and  transports  the  beam  to  the  second  section,  a 
180-deg  bend,  where  beam  energy  and  emittance  are 
tailored.  The  third  section  focuses  and  steers 
the  beam  into  the  wiggler. 

( L ,  The  beamline  contains  several  diagnostic 
and  tuning  aids,  which  include  fluorescent 
screens,  collimators,  energy  slits,  and  steering 
coils.  A  spectrograph  is  located  after  the 
wiggler  for  examining  energy  spectra  during 
low-power  tuning.  In  addition,  25  stripline 
detectors  are  located  along  the  length  of  the 
beanline.  Energy  selection  slits  are  located  at 
two  points  in.  the  center  of  the  diagonal  legs  of 
the  1 30— leg  bend  where  the  energy  dispersion  is 
the  highest.  The  principal  electron  beam 
diagnostic  measurements  for  the  FEL  experiment 
are  shown  in  figure  4.2. 

(L!  Collimator  holes  are  incorporated  at  the 
beginning  and  the  end  of  the  first  FOOD  array.  A 
third  collimator  is  located  in  the  center  of  the 
130-deg  bend.  Steering  coils  are  located  all 
along  the  beamline.  These  coils  serve  as  a 
tuning  diagnostic  and  a  steering  corrector.  The 
beamline  is  now  completely  assembled  and 
operational. 

5.0  Wiggler  (U) 

IV!  The  FEL  experiment  wiggler  is  a  5-m 
variable  taper  permanent  magnet  device.  The 
magnetic  circuit  uses  samarium  cobalt  magnetic 
material  and  vanadium  permsndur  pole  pieces.  The 
wiggler  was  designed  and  built  by  Spectra 
Technology,  Inc  (STI).  STI  has  named  the  wiggler 
THUNDER  (for  tapered  hybrid  undulator). 

f'J)  The  THUNDER  wiggler  has  been  designed  to 
provide  the  high  interaction  strength  required 
for  efficient  laser  operation  at  visible 
wavelengths.  The  10  kG  magnetic  field,  roughly 
three  times  nigher  than  that  of  previous  lO-^m 
experiments  together  with  a  5-m  overall  length, 
provide  10%  optical  gain  at  5%  electron  energy 
extraction.  The  high  field  is  achieved  with  a 
hybrid  design  in  which  samarium  cobalt  permanent 
magnets  drive  vanadium  permendur  poles.  This 
geometry  allows  higher  field  strengths  for  a 
given  gap-to-wave-  length  ratio  than  possible 
with  pure  samarium  cobalt  designs.  The  hybrid 
design  is  also  chosen  because  the  steel  pole 
pieces  provide  improved  field  uniformity  and, 
therefore,  better  electron  transport.  The 
transport  issue  becomes  increasingly  critical  at 
short  wavelengths  with  the  small  optical  beam 
size,  and  to  further  reduce  field  errors,  the 
magnets  and  wiggler  structure  are  d imensionally 
and  positionally  controlled  to  less  than  0.001 
inch.  The  system  employs  two-  plane  electron 
beam  focussing  by  means  of  pole  canting.  This 
canting  imposes  a  quadrupole  field  component 
which  adds  focussing  in  the  plane  of  the  wiggler 
while  reducing  the  natural  focussing  in  the 
orthoigr.ir.al  plane.  Such  two-plane  focussing  was 
r*y  ipi  CijTTiioiT  x w ~fj. ~  cxp^irirTiSPits* 

The  wiggler  is  built  in  ten  50-cm 
segments,  which  can  be  seen  just  prior  to  final 
assembly  in  figure  5.1.  The  magnetic  gap  is 
manually  adjustable  by  choice  of  a  precision 


(U)  ground  spacer  block.  This  allows  variation  of 
the  energy  taper  from  0  to  12%. 

(U'  At  either  end  of  each  50-cm  segment 
resides  a  compact  diagnostic  station  (figure  5.2). 
A  "pop-in"  target,  which  is  either  a  fluorescent 
screen  or  the  Cherenkov  cell,  provides  visual 
information  on  the  profile  and  size  of  the 

electron  beam  with  respect  to  the  alignment  laser 
beam  that  also  is  imaged  on  the  screen. 

Additionally,  stripline  electrode  beam  position 
monitors  are  provided.  These  strip! ines  are 
mounted  on  the  tips  of  the  poles  of  the  steering 
elements  to  conserve  space.  The  design  resolution 
of  the  striplines  is  better  than  the  requirement 
of  30  nm. 

6.0  Optical  Cavity  (U) 

(U)  The  optical  cavity  for  the  visible 

oscillator  experiment  placed  unusually  high 
demands  on  both  fabrication  and  alignment  of  the 
spherical  cavity  mirrors.  It  was  important  to 
fabricate  the  mirrors  so  that  the  Rayleigh  range 
and  the  nr  rror  spacing  were  fixed  to  a  value 
predetermined  by  the  wiggler  size  and  the 
micropulse  interval.  When  reduced  to  figure 
requirements,  the  mirror  radius  had  to  match  an 
absolute  radius  to  within  approximately  a/50. 

(U)  Damage  limitations  required  a  spot  size 
ofat  least  1  cm  on  the  end  mirrors;  to  accomodate 
the  5-m  long  wiggler,  a  Rayleigh  length  of  2.4m 
was  chosen.  This  dictated  a  cavity  that  is 
approximately  60m  Crcm  end  mirror  to  end  mirror. 
The  actual  length  chosen  was  55.4m  to  provide  a 
cavity  round-trip  time  equal  to  the  micropulse 
spacing. 

{ U)  The  mirrors  themselves  are  4  in.  in 
diameter  and  1.5  in.  thick.  The  FEL  beam 
illuminates  the  central  portion  only,  and  the 
remainder  of  the  mirror  is  used  for  the 
stabilization  system.  Fused  silica  was  chosen  as 
th?  mirror  material  for  several  reasons:  it  can 

polished  to  a  supersmooth  surface;  which  is 
__essary  for  damage  resistant  coatings;  it  has  a 
low  coefficient  of  thermal  expansion  oo  that  onvail 
changes  in  temperature  throughout  the  structure  of 
the  mirror  have  little  effect  on  the  figure  of  the 
mirror;  and  it  is  transparent  to  the  FEL  light, 
which  is  important  since  we  are  outcoupling  light 
through  the  cavity  end  mirrors. 

(U)  Once  in  place,  55.4m  from  each  other,  the 

rn  i  rror  rT’. IF.*  Ke  al  i  rrno.^  anH  1  i  hp 

than  50  nanoradians.  To  accomplish  this,  a  servo 
controlled  stabilization  system  was  designed  and 
built.  The  heart  of  the  system  is  the  voice-coil 
driven,  active  optical  mount  shown  in  figure  6.1, 
and  the  analog  electronics  which  command  it.  The 
system  has  been  built,  installed  and  tested.  It 
provides  active  stabilization  of  each  mirror  to  a 
few  tens  of  nanoradians  with  a  bandwidth  of 
200  Hz .  Initial  alignment  of  the  system  is  done 
by  injecting  an  on-axis  laser  light  and  maximizing 
the  containment  time  for  that  light. 

(U)  All  components  of  the  optical  system  have 
been  built,  tested  and  installed.  The  system 
reached  initial  operational  status  in  July  1986. 
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Abstract 

A  near  infrared  f ree-electron  laser  master  oscillator  and  power  amplifier  driven  by  a 
common  electron  beam  is  described.  The  Stanford  Mark  III  free  electron  laser  is  the 
master  oscillator  and  the  Rocketdyne  wiggler  is  the  power  amplifier.  At  3  um 
wavelength  the  optimum  small  signal  gain  spectrum  of  an  untapered  power  amplifier  was 
obtained.  Up  to  60%  single  pass,  small  signal  gain  was  observed  with  an  estimated  peak 
current  of  35  A.  Follow-on  experiments  are  also  discussed. 

Introduction  and  Objectives 

In  order  to  scale  up  rad io- f requency  linear  accelerator  (rf-Linac)  driven 
free- electron  lasers  to  very  high  average  power  levels,  a  concept  that  relieves  the 
severe  demands  of  the  laser  beam  on  resonator  optics  is  essential.  One  such  concept  is 
the  master  oscillator  driven  power  amplifier  (MOPA)  in  which  both  the  oscillator  and 
amplifier  are  f ree- e lec t r on  laser  (FEL)  devices.1  In  this  proposed  concept,  the 
output  from  an  FEL  oscillator  is  injected  into  one  or  more  rf-Linac  driven  FEL  amplifier 
stages.  By  using  this  concept  the  advantages  of  high  beam  brightness  and  the  pulse 
format  of  the  rf-Linac  are  preserved  while  the  outputs  of  several  amplifiers  are  added 
coherently.  One  of  the  principal  advantages  of  the  FEL  over  other  high  power  lasers, 
continuous  tuneability  over  a  wide  range,  is  also  preserved.  Factors  of  ten  or  greater 
signal  enhancement  can  be  realized  quite  readily  without  placing  additional  stress  on 
resonator  optics. 

In  a  joint  research  program  between  Rockwell  International's  Rocketdyne  Division  and 
the  Stanford  Photon  Research  Laboratory  (SPRL)  an  experiment  was  undertaken  to 
demonstrate  an  FEL-MOPA,  wherein  both  the  master  oscillator  (MO)  and  the  power  amplifier 
(PA)  are  FEL  devices.  A  unique  feature  of  this  experiment  is  that  the  MO  and  the  PA  are 
both  driven  by  sharing  an  electron  beam  from  a  single  rf-Linac.  The  experiment  was 
designed  to  address  key  technological  and  physics  issues  associated  with  the  operation 
of  an  rf- FEL- MOPA.  The  scientific  goals  of  the  experiment  are  (1)  to  show  theoretically 
predictable  amplifier  performance  by  characterizing  its  small  signal  gain  (that  is 
readily  compared  to  analytic  theory,  or  numerical  simulations),  (2)  evaluate  the  effects 
of  gain  guiding  (to  address  high  gain  phenomena),  (3)  quantify  amplifier  harmonics  and 
sidebands,  and  (4)  examine  mode  buildup  in  the  MO  and  saturation  in  the  PA.  Although 
the  experiment  was  operational  and  diagnostic  instrumentation  was  available  to  conduct 
all  of  the  above  experiments,  some  of  the  tasks  were  precluded  by  schedule  constraints. 
Following  its  initial  successful  operation,  the  experiment  is  being  dismantled  and  moved 
to  its  new  home,  Duke  University  in  North  Carolina. 

In  this  paper,  results  from  operating  the  first  FEL-MOPA  driven  by  a  single  rf-Linac 
are  presented.  The  Stanford  Mark-Ill  FEL  served  as  the  MO  while  the  Rocketdyne  FEL  was 
used  in  a  PA  configuration.  Two  new  transport  lines  were  designed  and  constructed  to 
provide  a  connection  between  the  two  wigglers  -  one  for  the  e-beam,  and  the  other  for 
the  laser  beam.  An  e-beam  from  the  Stanford  Mark-Ill  rf-Linac  was  transported  through 
the  two  wigglers  in  succession,  the  MO  first  and  then  the  PA.  Laser  output  from  the  MO 
was  transported  to  the  PA  with  appropriate  mode  matching  and  delay  optics,  described 
below.  Electrons  in  every  rf-bucket  were  allowed  to  interact  with  laser  pulses  in  the 
MO  and  the  PA.  As  shown  below,  in  the  small  signal  regime  the  effect  of  energy  spread 
on  the  e-beam  was  small  and  adequate  e-beam  quality  was  preserved  through  the  transport 
system  for  subsequent  amplification  in  the  PA.  With  the  MO  operating  at  approximately  3 
um.  the  optimized  small  signal  gain  spectrum  of  the  amplifier  was  obtained  by  tuning 
its  gap.  A  maximum  small  signal  gain  of  60%  per  pass  was  measured  (with  an  estimated 
peak  current  of  35  A). 

Following  the  small  signal  gain  experiments  the  optical  resonator  in  the  MO  (the 
Mark- III  FEL)  was  modified  to  accommodate  an  rf-electro  optical  cell,  which,  in 
conjunction  with  a  polarizer  serves  as  either  (1)  a  cavity  0-modulator  or  (2)  a 


Q-switch.  As  a  Q-raodulator,  the  cell  is  used  to  spoil  the  cavity-Q  periodically,  so 
that  selected  electron  pulses  emerge  from  the  MO  with  little,  or  no  laser  interaction 
and  unaltered  energy  distribution.  These  unperturbed,  or  "unused"  electron  pulses  are 
then  available  for  signal  amplification  in  the  PA  without  the  energy  spread  normally 
induced  by  the  MO,  as  is  the  case  in  experiments  described  above.  In  the  PA,  these 
electron  pulses  can  interact  and  amplify  the  laser  output  produced  by  the  MO  during  the 
rf-cycle  when  its  Q  is  high.  By  Q-switching,  the  entire  cavity  power  may  be  dumped  to 
the  PA  to  explore  its  operation  in  the  high  power  regime.  The  optical  cavity 
modifications,  and  the  eo-cell  are  described  below. 

In  Section  2  we  describe  the  experiment  configuration.  Section  3  describes  the 
optical  beam  transport  line  to  the  Rocketdyne  wiggler,  and  alignment  of  the  optical 
components.  Small  signal  gain  results  are  discussed  in  Section  4.  Future  experiments 
and  recent  modifications  of  the  Mark-Ill  optical  cavity  are  described  in  Section  5. 

Experiment  Configuration 

Two  independent  gap  tuneable  wiggler  magnets  were  available  in-line  on  the  SPRL  45 
MeV,  high  brightness(>  1012  A/m2/Ster),  s-band.  radio-frequency  linear  accelerator 
beamline.  The  first  of  these  is  the  Stanford  Mark  III  FEL.2  It  uses  a  constant 
parameter,  permanent  magnet  hybrid  wiggler  whose  period  is  2.3  cm.  It  is  47  periods 
long,  and  has  a  peak  field  of  7  kG.  The  second  in-line  wiggler  is  the  Rocketdyne 
magnetic  field  taperable,  high  quality,  all  permanent  magnet  device.3  The  Rocketdyne 
wiggler  has  a  2.5  cm  period.  Its  length  is  200  cm.  and  peak  field  is  3.7  kG.  By 
installing  two  independent  transport  lines  for  electron  and  laser  beam  transport  the  two 
devices  were  used  to  perform  an  FEL-MOPA  experiment.  The  Mark- III  FEL  was  used  as  a 
high  gain  MO,  while  the  Rocketdyne  wiggler  served  as  a  high  gain,  high  efficiency  PA. 

The  two  wigglers  were  connected  directly  by  taking  electrons  from  the  output  end  of  the 
Mark- III  wiggler  and  matching  them  into  the  Rocketdyne  wiggler  (with  appropriate  dipole 
and  quadrupole  magnets  described  below).  The  Mark- III  laser  output  was  transported  (in 
air)  through  mode  matching  and  delay  optics,  described  in  Sec.  3.  In  designing  the 
transport  systems  a  critical  requirement  was  to  assure  that  the  very  bright  electron 
beam  and  the  high  power  laser  bear.,  were  transported  over  many  meters  with  little,  or  no, 
degradation  in  their  respective  beam  qualities.  In  addition,  the  two  transport  systems 
were  required  to  have  sufficient  flexibility  so  that  an  optimum  spatial  and  temporal 
match  between  the  picosecond  electron  and  laser  pulses  could  be  empirically  found  in  the 
amplifier . 

As  mentioned  earlier,  the  e-beam  traverses  the  two  wigglers  in  sequence,  first 
through  the  MO  and  then  the  PA.  Electrons  in  every  rf-bucket  participate  in  sustaining 
oscillations  in  the  MO  and  also  provide  further  amplification  in  the  PA.  The  high 
electron  beam  quality  required  in  the  PA  was  assured  by  operating  the  MO  in  the  small 
signal,  unsaturated  regime  thereby  minimizing  the  energy  spread  induced  in  the  electron 
beam  in  its  passage  through  the  MO. 

The  physical  layout  of  the  SPRL  FEL  MOPA  experiment  is  shown  schematically  in  Fig. 

1.  The  electron  beam  that  drives  both  the  Stanford  Mark  III  FEL  oscillator  and  the 
Rocketdyne  FEL  amplifier  is  provided  by  a  3-meter  long  section  of  the  1  GeV  Stanford 
Mark  III  linear  accelerator.  The  accelerator  is  capable  of  supplying  a  45  MeV  electron 
beam  with  a  peak  current  of  45  A.  The  primary  power  to  the  accelerator  and  electron  gun 
is  supplied  by  an  s-band  ITT  klystron  which  provides  a  microwave  drive  pulse  up  to  12 
usee  long  at  30  MW  peak  input  power.  The  instantaneous  micropulse  energy  spread  is 
0.5%.  and  the  electron  beam  normalized  horizontal  and  vertical  emittances  are  estimated 
to  be  10ir  mm-mrad  and  2tr  mra-mrad  respectively.  At  the  input  and  exit  ends  of  the 
Mark-Ill  FEL  the  electron  beam  is  bent  around  the  resonator  optics  by  four  11°  permanent 
magnet  dipole  bending  magnets.  The  electron  beam  is  then  matched  into  the  Rocketdyne 
wiggler  with  a  quadrupole  triplet  by  bending  around  the  injection  optical  element  (a 
turning  flat)  with  four  22°  permanent  magnet  dipole  magnets.  At  the  Rocketdyne  wiggler 
exit  the  electron  beam  is  bent  around  the  output  optical  element  (another  turning  flat) 
with  two  22°  permanent  magnet  dipoles  and  sent  to  a  below  ground  beam  dump.  The  optical 
beam  line  contains  a  telescope  to  match  the  optical  beam  into  the  Rocketdyne  wiggler, 
and  provides  a  variable  optical  delay  to  facilitate  temporal  overlap  between  the  optical 
and  electron  micropulses  in  the  Rocketdyne  wiggler.  The  optical  beam  transport  line  is 
discussed  in  more  detail  in  Section  3.  The  optical  output  from  the  Rocketdyne  amplifier 
is  then  transported  to  the  optical  diagnostics  area  where  its  properties  are  studied. 

Optical  Beam  Transport  Line  and  Alignment  Requirements 

The  optical  beam  transport  line  leading  from  the  Mark  III  FEL  to  the  Rocketdyne 
wiggler  is  shown  in  Fig.  1.  The  optical  beam  transport  line  is  located  on  top  of  the 
two  wigglers.  The  mode  matching  telescope  matches  the  optical  beam  into  the  Rocketdyne 
wiggler  with  a  nominal  waist  of  1  mm  at  the  wiggler  center.  The  telescope  is  designed 
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to  locate  the  waist  anywhere  along  the  length  of  the  wiggler,  so  that  effects  of  waist 
position  on  the  amplifier  performance  can  be  studied.  The  telescope  is  also  designed  so 
that  the  waist  size  can  be  varied  +  10%  about  the  nominal  value  of  1  mm.  Also  shown 
schematically  in  Fig.  1  is  the  optical  delay  line  downstream  of  the  mode  matching 
telescope.  The  delay  consists  of  two  turning  flats  mounted  on  a  translational  stage 
that  can  be  moved  axially.  The  delay  allows  axial  matching  of  the  laser  and  electron 
pulses  in  the  amplifier.  The  delay  has  a  continuously  adjustable  range  of  10.5  cm, 
corresponding  to  the  distance  between  successive  electron  micropulses,  and  has  a  readout 
resolution  of  30  microns. 

In  addition  to  proper  transport  and  match  of  the  laser  and  electron  beams,  they  must 
be  spatially  and  temporally  superimposed  in  the  PA  for  MOPA  operation.  This  is 
accomplished  by  first  aligning  the  electron  beam  with  the  aid  of  alignment  screens  in 
the  MO  and  the  PA.  Once  the  MO  is  properly  aligned  and  operational,  the  laser  beam  must 
then  be  superimposed  on  the  electron  beam  in  the  PA.  There  are  seven  degrees  of  freedom 
in  which  accurate  superposition  must  be  maintained.  These,  and  their  alignment 
tolerances  (for  no  more  than  10%  reduction  in  gain),  established  primarily  from 
steady  state  computer  simulations  using  the  Rocketdyne  simulation  code  FELOPT4 ,  are 
summarized  in  Table  1. 


Table  I.  Alignment  tolerances  in  Rocketdyne  wiggler. 
Displacement  between  optical  and  electron  pulses 


Vert  ica  1 

+ 

50  pm 

Hor izontal 

+_ 

50  pm 

Axial 

+ 

7  5  pm 

Angular  displacement  between  optical  and  electron  beams 

x-z  plane 

_+ 

500  prad 

y- z  plane 

±_ 

500  prad 

Optical  spot  size  variation 

±_ 

10% 

Displacement  between  optical  and  electron  beam  waists 

+ 

10  cm 

Alignment  is  achieved  in  several  steps.  The  electron  beam  is  aligned  by  centering 
(with  remote  video  cameras)  the  visible,  fluorescent  spot  it  produces  on  retractable 
alignment  scceens  located  along  the  length  of  the  vacuum  chambers  in  both  the  MO  and  the 
PA.  Boresight  alignment  of  the  two  wiggler  axes  and  the  optics  in  the  intervening 
optical  transport  system  is  achieved  with  a  He-Ne  laser,  retractable  alignment  targets 
and  apertures,  and  a  theodolite.  The  latter  is  also  used  to  verify  alignment  on-line, 
by  observing  the  visible  harmonics  of  the  MO.  The  components  of  the  adjustable, 
mode- matching  telescope,  and  the  optical  delay  assemblies  were  prealigned  on  a 
breadboard.  The  assemblies  were  then  installed  in  the  optical  beamline.  The  adjustable 
telescope  alignment  was  checked  over  its  entire  range  of  travel  during  breadboard 
tests.  Final  alignment  was  accomplished  with  the  f ree-electron  laser  on  line.  The  MO 
output  was  first  maximized  by  taking  small,  corrective  steps:  once  signal  enhancement 
was  observed  in  the  amplifier,  its  performance  was  optimized  by  fine  adjustments  of  the 
injection  optics. 

For  a  successful  MOPA  demonstration  it  is  essential  that  electr-  ^ earn  energy  spread 
and  brightness,  as  well  as  laser  beam  quality  is  not  seriously  degr-ied  in  transporting 
the  two  beams  from  the  MO  to  the  PA.  The  key  components  of  the  optica^  transport 
system,  the  mode  matching  telescope  and  the  optical  delay,  were  individually  tested  in 
separate  breadboard  setups.  The  optical  components  of  each  were  precisely  aligned,  and 
their  optical  quality  following  assembly  was  verified  with  a  Zygo  interferometer. 
Wavefront  distortion  over  the  total  aperture  was,  typically,  less  than  X/10  (at  0.6328 
urn)  over  the  entire  range  of  travel  of  each  sub-assembly.  The  electron  beam  quality 
was  indirectly  verified  by  simultaneously  operating  the  Mark  III  oscillator  in  the  small 
signal  regime  and  the  PA  wiggler  as  an  FEL  oscillator.  Resonator  optics  used  in  earlier 
tests  were  added  to  convert  the  amplifier  into  an  oscillator.  Rocketdyne  laser 
performance  similar  to  earlier  tests3  was  obtained.  These  tests  verified  that  e-beam 
brightness  (o..d  enerqy  spread)  was  not  seriously  degraded  in  transporting  it  to  the  PA. 
Upon  completion  of  these  tests,  resonator  optics  were  replaced  by  injection  and  output 
optics  (two  turning  flats)  to  convert  back  to  an  amplifier  configuration. 
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Small  Signal  Gain  Results 

The  first  experiment  has  addressed  measurement  of  the  small  signal  gain  spectrum  in 
the  untapered  Rocketdyne  amplifier  for  optimum  temporal  and  spatial  matching  of  the 
input  optical  beam  and  the  electron  beam.  Details  of  the  experiment  can  be  found 
elsewhere.5.  The  experiment  was  performed  using  the  two  mirror,  near  concentric  Mark 
III  FEL  optical  resonator  with  a  Brewster  plate  outcoupler.  An  optical  chopper  with  a 
fixed  delay  window  provided  a  reference  signal.  The  reference  signal  and  amplified 
signal  emerging  from  the  PA  were  measured  with  a  high  speed  Ge:Au  detector  whose  output 
was  ratioed  to  give  a  direct  measure  of  ampl i f ica t ion .  Experimental  parameters  are 
summarized  in  Table  II. 


Table  II.  FEL  MOPA  parameters. 
Electron  beam: 


Peak  current 

Normalized  emittance 

35A 

Vertical 

2tt  mm-mrad 

Hor izontal 

1  Ott  mm  mrad 

Waist 

Vertical 

0.3  mm 

Horizontal 

0.7  mm 

Energy 

3  8  MeV 

Energy  spread 

0.5% 

Macropulse  length 

3  ps 

Micropulse  length 

3  ps 

Input 

optical  beam  at  power  amplifier: 

Wavelength 

3  pm 

Wavelength  spread 

0.6% 

Macropulse  length 

2  ps 

Micropulse  length 

2  ps 

Waist 

1  mm 

Average  energy 

3  mJ 

Peak  power  at  small  signal 

100  kW 

Power 

amplifier  wiggler: 

Length 

200  cm 

Period 

2.5  cm 

Variable  gap 

0 .76-2 . 0  cm 

Peak  magnetic  field 

3. 7-0. 8  kG 

At  optimum  matching  and  overlap  conditions,  the  gain  spectrum  was  obtained  by  gap 
tuning  the  power  amplifier  wiggler  over  the  range  3.7  -  3.5  kG.  Gain  as  a  function  of 
the  resonance  parameter  is  shown  in  Fig.  2.  The  resonance  parameter  is  v  - 
[ (k+k0)v-o]L,  where  k0  is  the  wiggler  wave  number,  L  the  wiggler  length,  v  the 
electron  axial  velocity,  and  k,  a  are  the  optical  wave  number  and  frequency.  The 
solid  curve  is  a  FELEX5  simulation  with  Table  II  parameters,  and  assumes  a  square 
electron  pulse  shape  and  an  initial  Gaussian  TEM00  optical  mode.  Excellent  agreement 
between  the  simulation  and  data  is  seen  in  Fig.  2.  The  amplification  peak  of  60%  occurs 
when  the  resonance  parameter  is  4.3,  while  the  absorption  peak  of  -35%  occurs  at  -2.2. 
Theoretically  for  plane  waves  the  low  gain  amplification  and  absorption  peaks  occur  at 
the  resonance  parameter  values  +  2.6,  respectively.  Also,  for  plane  waves  the  FEL  gain 
is  proportional  to  the  slope  of  the  spontaneous  emission  spectrum.  In  the  present 
experiment  the  spontaneous  emission  spectrum  has  been  measured  and  its  slope  was  found 
not  to  correspond5  to  the  gain  spectrum  in  Fig.  2. 

As  discussed  in  Ref.  7,  the  validity  of  the  plane  wave  approximation  depends  on  the 

dimensionless  parameter  q  =  L/Zp,  where  L  is  the  wiggler  length  and  ZR  is  the 
Rayleigh  range.  For  q  <  1  the  plane  wave  approximation  is  valid,  while  for  q  ^  1  a 

Gaussian  approximation  for  the  optical  radiation  mus1-  be  used.  The  present  experiment 

has  q  =  1.9.  so  the  effects  of  a  diverging  Gaussian  optical  beam  are  taking  place.  Ref. 
7  points  out  that  in  the  presence  of  a  Gaussian  mode  the  gain  is  no  longer  proportional 
to  the  slope  of  the  spontaneous  emission  spectrum,  which  agrees  with  the  present 
results.  Also,  the  Gaussian  mode  introduces  a  phase  shift  relative  to  a  plane  wave, 
which  produces  a  shift  in  the  resonance  parameter,  with  the  consequence  that  the 
ampl if i 'at  ion  and  absorption  peaks  occur  at  larger  values  of  the  resonance  parameter. 
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Modified  Mark-Ill  Resonator  and  Future  Experiments 


Although  initial  small  signal  gain  experiments  were  performed  with  the  two  mirror 
Mark  III  FEL  optical  resonator,  follow-on  small  signal  gain  and  saturated  regime 
experiments  will  be  performed  with  an  electro-opt ic  switch  in  place,  which  will  allow 
electron  micropulses  with  undegraded  emittance  (and  energy  spread)  into  the  Rocketdyne 
wiggler.  The  electro-optic  switch  will  also  allow  dumping  all  of  the  circulating 
optical  power  in  the  Mark  III  FEL,  so  that  the  Rocketdyne  amplifier  can  be  operated  in 
the  saturated  regime.  Installation  of  an  e lec t ro- opt i c  switch  in  the  existing  Mark  III 
FEL  optical  resonator  configuration  was  not  feasible,  since  the  fluence  on  the  device  is 
enough  to  severely  damage  it.  In  order  to  alleviate  this  problem,  the  upstream  end  of 
the  resonator  was  modified  as  shown  schematically  in  Fig.  3. 

The  modified  optical  cavity  is  also  a  standing  wave  cavity.  The  existing  downstream, 
translatable  mirror  which  provides  cavity  length  control  remains  in  place.  The  length 
of  the  cavity  was  increased  from  183.75  cm  to  315  cm  Dy  placing  a  turning  flat  in  front 
of  the  existing  upstream  mirror  to  divert  the  radiation  up  to  a  convex  element.  The 
convex  element  expands  the  beam  a  factor  of  three  by  the  time  it  reaches  the  concave  end 
mirror.  The  angle  of  incidence  (and  reflectance)  at  the  expanding  element  is  kept  near 
normal  (5  deg)  to  minimize  aberrations.  All  the  mirrors  in  the  new  resonator  are  made 
of  diamond  turned  copper  substrates  with  silver  overcoating,  while  the  outcoupling 
Brewster  plate  near  the  upstream  concave  end  mirror  is  made  of  calcium  fluoride.  The 
mounts  for  the  mirrors  in  the  upstream  end  of  the  resonator  provide  remote  tip- tilt 
actuation  of  the  mirrors,  although  they  do  not  provide  any  length  control.  It  is  also 
possible  to  withdraw  the  turning  flat  in  front  of  the  existing  upstream  end  mirror  to 
allow  independent  operation  of  the  Mark  III  FEL  with  the  present  resonator  configuration. 

The  e lec t r o- op t i c  switch  shown  in  Fig.  3  is  located  near  the  upstream  concave  end 
mirror,  where  the  fluence  in  the  beam  is  the  lowest.  The  1/e2  point,  where  the 
electro-optic  switch  is  located,  is  approximately  0.42  cm  which  is  a  peak  fluence  of  0.4 
GW/cm2  per  micropulse.  The  width  of  the  electro-optic  switch  was  chosen  to  be  1.5  cm. 
while  its  length  is  1.5  cm.  The  switch  is  made  of  Cadmium  Telluride.  This  material  was 
chosen  for  its  high  electro-optic  coefficient  which  requires  less  voltage  to  operate, 
and  for  its  low  absorption  (0.14%  per  cm  at  3  urn).  Damage  tests8  on  this  material 
at  3.7  pm  have  been  carried  out  using  the  Mark  III  FEL.  Uncoated  CdTe  has  been 
observed  to  break  down  at  a  fluence  level  of  5  GW/cm2.  while  coated  samples  break  down 
at  approximately  2  GW/cm2.  The  expected  fluence  on  the  switch,  0.4  GW/cm2,  is  well 
below  these  levels.  The  electro-optic  switch  is  located  near  the  upstream  end  mirror, 
such  that  only  one  optical  pulse  will  be  in  the  device  at  any  time  to  minimize  its 
thermal  load. 

Follow  on  small  signal  gain  measurements  will  be  performed  with  the  new  Mark  III  FEL 
resonator  and  electro-optic  switch  in  place,  which  will  provide  an  electron  beam  with 
less  energy  spread  to  the  Rocketdyne  wiggler  than  in  the  present  experiments.  The 
measurements  will  concentrate  on  effects  of  input  mode  matching  where  temporal  matching 
is  varied  through  the  optical  delay  in  the  optical  beam  transport  line  and  spatial 
matching  is  varied  by  adjusting  the  optical  beam  line  telescope  to  adjust  the  waist 
location  and  size  in  the  Rocketdyne  wiggler.  In  these  experiments  optical  guiding 
effects  and  misalignment  effects  on  the  small  signal  gain  and  optical  mode  quality  will 
also  be  explored.  The  measurements  will  be  performed  for  both  untapered  and  tapered 
regimes  of  operation  of  the  Rocketdyne  wiggler. 

After  completion  of  the  small  signal  gain  experiments,  the  Rocketdyne  amplifier 
saturated  regime  of  operation  will  be  concentrated  on.  Assuming  the  approximate  100  MW 
of  peak  circulating  optical  power  in  the  Mark  III  FEL  cavity  can  be  dumped  into  the 
Rocketdyne  wiggler,  simulations  indicate  that  an  energy  conversion  efficiency  of  up  to 
2%  can  be  expected  in  the  amplifier.  The  saturated  lineshape  will  be  measured  for  both 
an  untapered  and  tapered  wiggler.  Effects  of  matching  and  location  of  the  optical  waist 

in  the  wiggler  on  energy  conversion  efficiency,  as  well  as  effects  of  misalignment  on 

efficiency  will  be  examined.  Also,  if  sidebands  are  observed  to  develop  effects  of 
mismatch  and  misalignment  on  the  development  of  the  sideband  content  will  be  studied. 

Acknowledgment 

This  work  was  supported  by  Los  Alamos  National  Laboratory  contract  number  9-XFH1725G- 1 . 
Valuable  contr ibut  ions  by  the  following  individuals  are  gratefully  acknowledged :  B. 
Burdick.  M.  Emamian,  J.  Haydon,  E.  Szarmes  at  Stanford  University;  J.  Brown,  E.  Curtis, 

R.  Hassler,  P.  Metty,  K.  Widen  at  Rocketdyne;  and  D.  A.  G.  Deacon  at  Deacon  Research. 

We  thank  B.  McVey  and  M.  Schmitt  at  Los  Alamos  National  Laboratory  for  the  FEI.EX 

ca  leu  lat  ions . 


181 


References 

1.  A.  Bhowmik.  J.  M.  J.  Madey,  and  S.  V.  Benson,  Nucl.  Instrum.  Methods  Phys .  Res., 

Sect .  A  272,  183  (  1988)  . 

2.  S.  V.  Benson,  J.  M.  J  .  Madey.  J.  Schultz,  M.  Marc,  W.  Wadenswei ler ,  G.  A 
Wescenskow,  and  M.  Velghe,  Nucl.  Instrum.  Methods  Phys.  Res.,  Sect.  A  250 .  39  (1986). 

3.  A.  Bhowmik.  M.  S.  Curtin  .  W.  A.  McMullin,  S.  V.  Benson,  J.  M.  J.  Madey,  B.  A. 
Kichman,  and  L.  Vintro.  Nucl.  Instrum.  Methods  Phys.  Res.,  Sect.  A  272 .  10  (1988). 

4.  A.  Bhowmik,  K .  A.  Cover,  and  R.  H.  Labbe,  SPIE,  642 .  10  (1986). 

5.  L.  Vintro.  Ph.D.  dissertation,  Stanford  University,  1989  (unpublished). 

6.  B.  D.  McVey,  Nucl.  Instrum.  Methods  Phys.  Res.,  Sect.  A  25J3,  449  (1986). 

7.  W.  B.  Colson  and  P.  Klleaume.  Appl.  Phys.  B  2£,  101  (1982). 

8.  E.  L.  Uottery,  J.  Schultz,  and  J.  M.  J.  Madey,  unpublished. 


182 


RESONANCE  PARAMETER 


Figure  2.  Power  amplifier  small  signal  gain  as  a  function  of  the  resonance  parameter.  The 
solid  curve  is  a  FELEX  simulation. 
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Figure  3.  Schematic  of  the  modified  Mark  III  FEL  optical  cavity. 
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Abstract 

In  a  particular  sample  of  ZnSe,  working  at  10  pm,  a  nonlinear  absorption  was  observed  that  was  generated  by  light 
intensities  greater  than  100  MW/cm2.  This  absorption  was  subsequently  bleached  by  light  intensities  over  600  MW/cm2. 
This  result  was  obtained  using  10-ps  nulses  fron  the  Los  Alamos  National  Laboratory  Free-Electron  Laser. 

Summaiy. 

In  the  course  of  experiments  at  the  Los  Alamos  FEL,  resonant  cavities  with  losses  ranging  from  10%  to  1%  were 
used.  At  the  higher  losses,  good  agreement  between  the  number  of  photons  generated,  as  inferred  from  the  electron 
spectrometer  data,  and  the  number  actually  measured  optically  was  obtained.  As  the  resonator  cavity  losses  decreased, 
thus  increasing  the  intracavity  power,  a  discrepancy  appeared,  Less  photons  were  measured  than  generated,  as  though 
photons  were  being  absorbed  by  the  resonator  mirrors.  We  believe  that  at  a  certain  fluence,  free  carriers  are  generated 
in  the  semiconducting  material  forming  the  mirrors  which  leads  to  increased  absorption.  At  higher  fluences  yet  the 
absorptive  material  appears  to  bleach,  and  once  again  the  behavior  can  be  fit  within  this  free-carrier  model.  For  a 
particular  multilayer  dielectric  high  reflectance  coating  (R>99.8%)  the  lowest  threshold  observed  for  saturation  was  about 
100  MW/cm2,  and  the  threshold  for  bleaching  appeared  at  around  600  MW/cm2.  However,  the  threshold  varies  from 
mirror  to  mirror,  which  implies  that  extrinsic  properties  are  important. 


Introduction 

The  Los  Alamos  FEL  operates  at  wavelengths  tunable  from  3.7  to  44.7  pm.  The  wiggler  and  accelerator  are  opti¬ 
mized  to  produce  light  at  10  pm.  Free-electron  lasers  are  unique  because  of  their  unrivaled  broad  tunability,  for  their  high 
extraction  efficiency  (4.4%), 2  and  for  the  high  output  powers  achievable  (on  the  order  of  50  MW  peak). 

Figure  1  is  a  schematic  of  an  RF  FEL  showing  the  essential  features:  (1)  an  RF  accelerator  capable  of  producing  a 
relativistic  electron  beam,  (2)  a  wiggler  with  periodically  alternating  magnetic  fields  that  force  the  electrons  passing 
through  it  to  oscillate,  and  therefore  radiate  (spontaneous  emission),  and  (3)  a  resonator  struc'ure  which  supplies  feed¬ 
back  and  allows  the  electromagnetic  field  to  interact  coherently  with  the  electron  beam  producing  coherent  emission,  i.e. 
lasing. 

Figure  2  shows  the  floor  plan  of  the  Los  Alamos  FEL.  At  a.  is  shown  the  electron  beam  injector  (a  thermionic  Pierce- 
type  electron  gun).  At  b.  is  shown  the  two  stages  of  rf  linear  accelerators  that  accelerate  the  electrons  to  20  MeV.  In  the 
center  of  the  figure  at  c.  is  shown  the  achromatic,  nonisochronous  60°  bend,  which  also  can  act  as  a  magnetic  buncher  for 
the  electrons.  On  the  west  end  of  the  vault  at  d.  are  the  resonator  mirrors  and  the  wiggler. 

Statement  of  the  Problem 

In  the  course  of  conducting  experiments  on  the  fundamental  properties  governing  the  production  of  photons  in  an 
FEL,  energy  balance  measurements  were  made.  The  amount  of  energy  removed  from  the  electrons  during  lasing  could 
be  determined  from  electron  spectrometer  data  by  comparing  the  elec‘'on  energy  distribution  before  and  during  lasing. 
Except  for  the  cavity  losses,  this  same  amount  of  energy  should  show  up  as  photons.  This  was  often  the  case,  but  there 
were  instances  when  only  3%  of  the  expected  energy  could  be  found  as  light.  In  what  follows  we  describe  steps  in 
analyzing  this  problem  and  eliminating  it.  We  give  evidence  to  indicate  that  the  ZnSe  mirrors  in  the  resonator  cavity 
exhibit  nonlinear  optical  absorption  due  to  the  high  intensity  achievable  in  the  Los  Alamos  FEL.  We  show  by  analogy 
with  n-type  germanium  that  a  possible  mechanism  is  impact  ionization  in  the  ZnSe,  which  is  a  zincblende  structure 
semiconductor. 


Work  supported  and  funded  by  the  U.S.  Army  Strategic  Defense  Command,  under  the  auspices  of  the  U.S.  Department 
of  Energy. 
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Resonator 


Figure  1.  Schematic  diagram  of  radio  frequency  linear  accelerator  driven  free-electron  laser. 
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Figure  2.  Experimental  layout  of  LANL  FEL. 
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Experimental  Configuration  and  Observations 

The  unusually  large  discrepancies  occurred  only  when  very  high  reflectivity  resonator  mirrors  were  used.  The  mirror 
substrates  were  chemical  vapor  deposited  (CVD)  ZnSe.  To  achieve  high  reflectance  a  multilayer  stack  of  quarterwave 
layers  of  ZnSe  and  ThF  was  deposited.  For  the  particular  set  of  mirrors  under  consideration  the  transmission  was  0.0035. 

Ionizing  Radiation  Considered 

The  accelerator  produces  a  fairly  high  flux  of  ionizing  radiation  (about  107  rads/s)  when  the  laser  operates.  It  was 
possible  to  watch  the  downstream  mirror  from  inside  the  resonant  cavity  using  an  intensified  CID  TV  camera.  Points  of 
light  were  produced  on  the  mirror  surfaces  during  lasing.  These  might  be  due  to  ionizing  radiation  we  reasoned  The 
downstream  mirror  received  much  more  ionizing  radiation  than  the  upstream  mirror  due  to  its  proximity  to  the  electron 
spectrometer  and  the  beam  dump.  A  means  was  contrived  to  allow  observation  of  the  upstream  mirror.  As  many  or  more 
points  of  light  were  seen  on  the  upstream  mirror  than  on  the  downstream  mirror.  Hence,  at  least  the  flashing  was  not 
caused  primarily  by  the  ionizing  radiation  flux.  Transient  absorption  effects  have  been  reported  in  ZnSe  from  ionizing 
radiation3  but  only  at  fluences  of  109  rads/s,  100  times  more  than  the  Los  Alamos  FEL  produced. 

ZnSe  vs  Coooer  Resonator  Elements 

It  seemed  likely  that  the  transient  transmission  change  was  due  to  the  light  itself.  To  test  this,  we  left  one  of  the  high 
reflectance  ZnSe  elements  in  the  downstream  mirror,  but  replaced  the  upstream  mirror  with  a  copper  mirror  pierced  with  a 
small  central  hole  to  allow  outcoupling,  as  shown  in  Figure  3.  The  energy  from  the  downstream  and  upstream  mirrors 
was  measured  as  a  function  of  e-beam  current. 


e-  I 


Downstream  Upstream 

Mirror,  "ZnSe"  Mirror,  Cu 

T  =  0.0035  T  =  0.0176 


Figure  3.  Schematic  drawing  of  resonator  configuration. 


If  the  absorption  by  both  mirrors  was  completely  linear  a  constant  ratio  between  the  upstream  and  the  downstream 
outcoupled  energies  would  be  maintained  over  the  entire  range  of  currents.  The  ratio  would  be  sensitive  to  all  the  losses 
such  as  Fresnel  reflection,  absorption  and  scatter,  The  data  are  displayed  as  a  graph  of  downstream  outcoupled  energy 
versus  the  upstream  outcoupled  energy  in  Fig.  4.  Measurements  were  made  when  the  spectral  character  of  the  light  was 
both  broadband  and  single  line.  However,  there  is  no  significant  difference  observable  between  the  two  cases.  Note  that 
the  points  do  not  lie  on  a  straight  line.  The  initial  departure  begins  at  very  low  energy,  about  50  mJ  corresponding  to  a 
fluence  of  100  MW/cm2.  In  this  region  we  may  be  generating  free  carriers  by  an  avalanche  mechanism  in  the  ZnSe, 
hence  the  transmission  seems  to  flatten  out.  Between  210  and  250  mJ  we  note  a  dramatic  increase  in  the  transmission, 
as  though  the  ZnSe  were  bleaching.  The  230  mJ  output  corresponds  to  a  peak  fluence  on  the  mirror  inside  of  about 
500  MW/cm2  This  is  calculated  as  follows: 

P  =  2Jjj  d hr  w2  tmac  f  mirror  (1 ) 

where  P  is  the  peak  power  inside  the  cavity,  Ju  is  the  energy  measured  exiting  the  upstream  mirror,  d  is  the  duty  cycle  in 
the  macropulse  (we  have  10-ps  pulses  spaced  by  46  ns  within  the  macropulse,  hence  the  duty  cycle  is  4600),  w  is  the 
laser  waist  size  at  the  mirror  (9.7  mm),  tmac  is  the  macropulse  length  80  gs,  and  t  mirror  is  the  transmission  through  the  hole 
in  the  copper  mirror  0.0176.  For  the  very  highest  powers  better  agreement  was  achieved  between  the  electron 
spectrometer  and  the  optical  measurements.  So  for  very  low  powers  good  agreement  was  obtained,  and  for  very  high 
powers  agreement  was  seen,  but  for  the  intermediate  values  for  fluences  between  100  and  600  MW/cm2  there  were 
discrepancies  of  up  to  30  times  between  the  number  of  photons  detected  and  the  number  implied  by  the  electron 
spectrometer  data. 
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Figure  4.  Experimental  Data 

The  energy  measured  downstream,  as  shown  in  Fig.  4,  is  plotted  vs  the 
energy  measured  upstream.  The  open  circle  is  for  broadband  (12%) 
spectral  emission  and  the  closed  circle  is  for  a  narrow  (0.3%)  spectral 
line. 


Interpretation  of  the  Data 

The  behavior  seen  is  similar  to  that  for  p-type  germanium  except  that  there  is  no  bleaching  in  germanium. 
Germanium  displays  free  carrier  avalanche  absorption  at  about  200  MW/cm2.4  Germanium  has  a  band  gap  of  0.665  eV 
whereas  the  band  gap  in  ZnSe  is  2.67  eV.  In  germanium  when  the  absorption  starts  it  is  very  rapid,  going  as  the  intensity 
to  the  5.5  power.  The  photon  energy  is  about  0.125  eV.  Once  the  process  starts  by  avalanche  it  looks  like  a  five  or  six 
photon  process.  This  would  imply  that  once  an  electron  avalanche  began  in  ZnSe  it  would  go  as  intensity  to  the  21.5 
power.  Hence  only  a  very  thin  layer  would  participate  in  the  absorption.  If  the  material  were  rich  in  electrons,  say  if  there 
were  free  z me  because  of  a  nonstoichiometric  deposition  process  during  the  coating,  it  would  be  much  easier  to  start  the 
avalanche.  The  behavior  of  n-type  germanium  is  similar  to  that  of  the  p-type  except  that  in  p-type  the  absorption  actually 
decreases  slightly  with  increased  intensity  until  the  strong  absorption  turns  on.5  What  we  have  observed  is  probably  not 
characteristic  of  intrinsic  zinc  selenide,  but  a  property  of  the  first  layer  of  the  antireflection  coating. 

Conclusion 

To  be  safe,  we  avoid  the  use  of  ZnSe  or  other  semiconductor  components  in  high  intensity  applications. 
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Demonstration  of  Harmonic  Lasing  in  a  Free-electron  laser 

Stephen  Benson  and  John  M.  J.  Madey 
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Abstract 

Using  an  intracavity  element  to  separate  fundamental  and  harmonic  lasing,  we  have 
demonstrated  saturated  third  harmonic  lasing  at  1.4 — 1 ,8  pm  using  the  Stanford  Mark  III  free- 
electron  laser.  Gain  at  the  third  harmonic  agrees  with  theory  to  within  experimental  limits.  The 
wavelength  shift  between  the  fundamental  and  third  harmonic  does  not  agree  with  one  dimensional 
theory.  The  excess  frequency  shift  suggests  that  frequency  pulling  predicted  in  previous  two 
dimensional  modelling  efforts  are  present. 


Free-electron  lasers,  unlike  atomic  and  molecular  lasers,  are  not  limited  to  any  one  wavelength.  The  lasing 
wavelength  is  given  approximately  by  the  relation 

X  =  ^-(l+K2)  (1) 

2y2 

where  is  the  laser  wavelength,  A.w  is  the  undulator  wavelength,  y  is  the  energy  of  the  electron  divided  by  its  rest 
mass  and  K  is  the  undulator  parameter  which  is  equal  to  the  RMS  bending  angle  of  the  undulator  times  y.  The 
wavelength  is  then  a  continuously  variable  parameter  limited  only  by  the  energy  of  the  electrons  and  the  wavelength 
and  strength  of  the  undulator.  As  an  example,  the  Mark  III  free-electron  laser,  used  in  the  experiments  reported  in 
this  paper,  has  a  maximum  energy  of  43  MeV,  an  undulator  period  of  2.3  cm,  and  an  undulator  parameter  K  of  up  to 
unity.  The  gain  is  approximately  proportional  to  K2  for  small  K  so  one  cannot  reduce  the  undulator  parameter 
arbitrarily  in  order  to  reduce  the  wavelength.  The  Mark  III  has  operated  with  a  K2  as  low  as  0.15.  This  yields  a 
minimum  wavelength  of  1.9  pm.  With  this  weak  an  interaction  the  gain  is  just  barely  sufficient  for  the  laser  to  mm 
on  before  the  accelerator  turns  off.  In  order  to  reduce  the  wavelength  further,  the  undulator  period  would  have  to  be 
reduced,  or  the  electron  beam  energy  would  have  to  be  increased.  Both  options  are  expensive  and  reduce  the  laser 
gain. 

Because  of  the  non-linear  nature  of  the  laser  interaction  in  a  FEL,  gain  also  exists  at  harmonics  of  the  wavelength 
given  in  equation  ( 1 ).  'this  was  first  noted  by  Madey  and  Taber1.  The  magnitude  of  the  gain  can  be  calculated  from 
the  gain-spread  theorem2.  As  the  electrons  traverse  the  undulator,  they  emit  a  1/ycone  of  radiation  which  sweeps  past 
an  on-axis  observer  producing  a  series  of  bursts  of  radiation  with  a  repetition  rate  given  by  the  optical  frequency 
determined  from  equation  (1).  As  the  undulator  parameter  is  increased,  the  harmonic  content  of  the  on-axis  radiation 
increases.  The  result  is  a  radiation  spectrum  consisting  of  a  series  of  (sirtx/x)2  curves  at  each  of  the  odd  harmonics  of 
the  fundamental.  The  width  of  each  curve  is  the  same  and  the  height,  proportional  to  the  strength  of  the  modulation, 
is  given  by 

AfMJ„(fS)-JM(f$)l2  (2) 

2  2 

where  f  is  the  harmonic  number  and  £,  =  K2/(2(l+K2)).  The  gain  spread  theorem  states  that  the  gain  is  proportional  to 
the  slope  of  these  curves  with  respect  to  the  change  in  electron  beam  energy.  Since  the  harmonic  curves  shift  faster 
with  energy  than  the  fundamental  by  a  factor  of  f,  the  gain  ratio  should  be  f  times  the  ratio  of  the  harmonic 
amplitudes.  Since  the  optical  mode  size  also  varies  inversely  with  f,  the  gain  ratio  in  an  actual  device  for  a  perfect 
electron  beam  will  be 


[J0®  -Jt£)]2 


(3) 


This  is  plotted  vs.  K  in  figure  la  for  the  case  of  the  third  harmonic. 

It  would  seem  that  the  gain  at  the  third  harmonic  can  be  greater  than  that  of  the  fundamental  for  sufficiently  high 
field  strength.  In  fact,  this  is  rarely  the  case  since  the  electron  beam  is  rarely  ideal  enough  to  reach  the  curve  shown  in 
figure  la.  The  ratio  of  the  actual  gain  to  the  ideal  gain  vs.  the  effective  electron  beam  energy  spread  is  shown  in 
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figure  lb.  The  energy  spread  is  given  by  2N8y/y  where  fry  is  the  full  width  at  1/e  of  the  energy  distribution.  Since 
one  usually  designs  the  undulator  for  the  fundamental,  a  typical  value  is  around  unity  or  larger.  The  gain  at  the  third 
harmonic  is  thus  quite  small  compared  to  the  fundamental.  For  the  laser  used  in  these  experiments,  the  effective 
energy  spread  was  approximately  0.3,  so  one  expects  a  third  harmonic  gain  about  half  that  of  the  fundamental  at 
K2=1 .  The  quality  of  the  undulator  may  also  degrade  the  third  harmonic  gain.  For  these  experiments  the  third 
harmonic  gain  should  have  been  reduced  by  13%  by  wiggler  imperfections. 


Figure  1.  (a)  Ratio  of  the  third  harmonic  gain  to  the  fundamental  gain  for  an  ideal  electron  beam  and 
undulator.  (b)  Reduction  in  the  gain  ratio  caused  by  the  electron  beam  effective  energy  spread  2N8y/Y . 

In  1982  researchers  at  Frascati  lab  using  the  ADONE  storage  ring  measured  the  gain  curves  for  the  third 
harmonic  and  suggested  that  lasing  on  a  storage  ring  was  preferable  at  the  third  harmonic  due  to  the  better  emittance 
at  the  lower  energy3.  Unfortunately  the  gain  was  still  to  low  to  lase.  In  1983,  a  Stanford  TRW  collaboration  found 
evidence  of  enhanced  third  harmonic  output  in  a  1 .6  pm  FEL  oscillator4.  The  evidence  for  lasing  was  not  conclusive 
however  and  the  third  harmonic  power  level  never  exceeded  one  thousandth  that  of  the  fundamental.  In  the  TRW 
system  the  fundamental  and  third  harmonic  could  in  principle  lase  simultaneously.  Such  a  system  is  very  difficult  to 
study.  In  general  one  gets  very  strong  coherent  emission  at  the  third  harmonic  from  FEL  oscillators  even  with  gain 
well  below  threshold  due  to  the  overbunching  of  electrons  by  the  laser  interaction  at  the  fundamental5.  It  is  difficult 
to  separate  the  lasing  signal  from  this  coherent  spontaneous  signal  in  such  a  device6. 

The  optical  cavity  in  the  Mark  HI  FEL  consists  of  two  opaque  metal  mirrors(uncoated  amorphous  silver)  at  each 
end  of  the  laser  undulator.  Output  coupling  is  accomplished  by  means  of  a  calcium  fluoride  plate  mounted  a  few 
degrees  away  from  Brewster’s  angle  as  shown  in  figure  2.  The  plane  of  incidence  is  parallel  to  the  plane  of  electron 
oscillations  in  the  wiggler.  Since  the  laser  output  is  strongly  polarized  in  this  plane,  the  reflection  off  the  plate  is 
fairly  weak.  For  the  experiments  reported  here  we  used  a  64.8°  plate  which  yields  5.9%  total  output  coupling  at  4.8 
pm  and  5.65%  output  coupling  at  1.6  pm.  The  cavity  itself  has  losses  of  the  order  of  2%  between  1  and  8  pm.The 
intracavity  CaF2  plate  is  dispersive  and  leads  to  a  wavelength-dependent  round-trip  cavity  time.  Since  the  laser  is 
driven  by  a  radio  frequency  linear  accelerator,  the  laser  gain  and  power  are  very  sensitive  to  the  cavity  length.  The 
laser  can  only  operate  within  a  few  microns  of  the  synchronous  length,  defined  as  the  length  at  which  the  round-trip 
path  length  is  equal  to  the  arrival  time  between  electron  pulses.  Due  to  laser  lethargy7  the  laser  power  peaks  near  the 
synchronous  length,  falling  off  very  steeply  for  longer  cavity  length  and  somewhat  less  steeply  for  shorter  lengths. 

The  synchronous  cavity  length  difference  between  the  fundamental  and  third  harmonic  plotted  vs.  the  third 
harmonic  wavelength  is  shown  in  figure  3.  At  the  4.8  pm  wavelength  used  in  these  experiments,  the  third  harmonic 
radiation  at  1 .6  pm  should  be  synchronous  for  a  cavity  length  60  pm  longer  than  that  of  the  fundamental.  Since  the 
power  falls  off  very  quickly  on  the  long  side  of  the  cavity  length  detuning  curve,  there  is  no  chance  of  any  significant 
amount  of  coherent  spontaneous  radiation  at  1.6  pm.  This  is  essential  for  turn-on  since  the  initial  length  enhancement 
seen  is  usually  smaller  than  the  spontaneous  radiation  level. 
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Figure  2.  Schematic  layout  of  the  Mark  III  optical  cavity.  The  undulator  and  moveable  cavity  mirror 
are  to  the  right.  Dashed  lines  indicate  removeable  output  coupler.  The  second  reflection  mirror  was  not 
used  in  these  experiments. 


Wavelength(pm) 


Figure  3.  Difference  in  the  synchronous  cavity  length  for  the  fundamental  and  third  harmonic 
wavelengths  vs.  the  third  harmonic  wavelength. 

Harmonic  lasing  was  achieved  as  follows:  The  laser  was  started  at  the  fundamental  wavelength  and  tuned  up  for 
maximum  power  and  gain.  The  cavity  length  was  then  changed  to  search  for  the  peak  in  the  1 .6  pm  output  expected 
due  to  the  third  harmonic  gain.  A  fast  Ge(Au)  detector  was  used  to  measure  both  the  fundamental  and  the  third 
harmonic.  This  detector  is  very  sensitive  at  1.6  pm  due  to  its  intrinsic  germanium  response,  so  most  data  were  taken 
for  harmonic  lasing  at  this  wavelength.  A  1.6  pm  notch  filter  was  used  to  filter  out  all  radiation  except  the  third 
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harmonic.  'Hie  cavity  length  was  set  at  the  peak  of  the  length  enhancement  and  the  mirrors  and  electron  beam  were 
then  tuned  until  saturation  was  achieved.  At  wavelengths  other  than  1.6  /urn  we  used  a  Pellin-Broca  prism  to  separate 
out  the  third  harmonic.  The  rest  of  the  procedure  was  the  same.  Saturated  pulse  energies  were  measured  using  a 
broadband  pyroelectric  detector. 

Once  saturated  harmonic  lasing  was  achieved,  the  laser  could  be  switched  from  the  third  harmonic  to  the 
fundamental  by  changing  the  cavity  length  alone.  A  scan  of  the  peak  laser  power  vs.  cavity  length  is  shown  in  figure 
4.  Note  the  asymmetric  nature  of  both  the  laser  curves  Different  filters  were  used  for  each  wavelength,  so  the  ratio 
of  the  power  in  these  curves  is  not  indicative  of  the  actual  power  ratio.  The  distance  between  the  peaks  in  the  curves  is 
58  pm,  close  to  the  expected  value  of  60  pm. 


Figure  4.  Laser  power  vs.  oscillator  cavity  length  in  thousandths  of  an  inch.  A  larger  value  for  the 
length  indicates  a  longer  cavity.  The  power  is  not  to  scale.  Different  filters  were  used  for  the  third 
harmonic  power  and  fundamental  power.  The  actual  maximum  powers  are  listed  in  table  II. 

As  noted  above,  the  effective  energy  spread  should  reduce  the  third  harmonic  gain  to  about  half  that  of  the 
fundamental.  The  exact  value  of  the  energy  spread  is  close  to  the  resolution  of  the  electron  spectrometer  so  the  gain 
reduction  factor  cannot  be  known  to  better  than  20%.  The  measured  gain,  cavity  losses,  power,  and  wavelength  at  the 
fundamental  and  third  harmonic  are  listed  in  table  2.  The  experimental  gain  ratio  was,  in  fact,  close  to  one  half. 

Table  1:  Mark  III  laser/accelerator  parameters  during  harmonic  lasing 


Parameter  Value 


Electron  beam  energy 

35  MeV 

macropulse  length 

3.2  psec 

micropulse  length 

2.5±0.5  psec 

beam  current(peak) 

20±5  amps 

Energy  spread 

0.410.1  %  FWHM 

Transverse  emittance(Pyt) 

1  5±5tc  mm-mrad 

Wiggler  wavelength 

2.3  cm 

Wiggler  parameter  K 

1.39 

Number  of  periods  in  wiggler 

47 

Optical  cavity  length 

183.6  cm 

Rayleigh  range 

73  cm 
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The  ratio  of  the  power  extracted  from  the  electron  beam  for  the  two  wavelengths  should  be  0.28.  The  measured 
ratio,  calculated  from  the  known  coupling  efficiency  and  transport  mirror  losses,  is  0.12.  One  might  think  that  this  is 
because  of  incomplete  saturation,  but  the  spectra  showed  evidence  of  sidebands  both  at  the  fundamental  and  the  third 
harmonic.  These  should  only  be  present  at  saturation.  In  addition,  the  coherent  spontaneous  radiation  at  530  run  for 
harmonic  lasing  was  quite  bright,  indicating  full  saturation.  Scattering  losses  in  the  optical  transport  system  may 
account  for  part  of  the  discrepancy  since  scattering  is  strongly  dependent  on  wavelength.  Full  simulations  should  be 
ran  to  confirm  the  expected  power  ratio  however. 

Table  2:  Relative  performance  of  fundamental  and  third  harmonic  lasing. 

Fundamental  Third  Harmonic 


Net  Gain 

47±2% 

19±1% 

Total  cavity  losses 

7.2±0.2% 

8.8±0.2% 

Output  coupling 

5.9% 

5.65% 

Ideal  transport  losses 

14% 

24% 

Macropulse  power 

30  kW 

2.4  kW 

Peak  wavelength 

4.85  pm 

1.59  pm 

In  order  to  determine  whether  the  laser  was  operating  in  the  lowest  order  transverse  cavity  mode,  we  placed  an 
aperture  in  the  laser  far  field  and  reduced  its  size  until  the  transmitted  power  was  reduce  by  half.  The  aperture  size 
indicated  that  the  laser  was  lasing  in  the  TEMoo  mode.  A  higher  order  mode  would  have  required  a  significantly 
larger  aperture. 

One  interesting  feature  of  harmonic  lasing  is  that  the  wavelength  of  the  third  harmonic  is  not  exactly  one  third  of 
the  fundamental  wavelength.  This  is  due  to  the  asymmetry  of  the  FEL  gain  curve  and  the  distortion  of  the  gain  curve 
at  saturation.  Both  of  these  effects  are  inversely  proportional  to  the  effective  number  of  wiggler  periods.  In 
addition,  the  fundamental  is  more  strongly  saturated  due  to  its  higher  gain  and  lower  cavity  losses.  When  one  takes  all 
these  factors  into  account  in  laser  simulations  one  finds  a  difference  of  1 .3%  in  the  lasing  wavelength.  The 
experimental  curves  are  shown  in  figure  5.  The  third  harmonic  curve  was  taken  at  the  third  order  in  order  to 
eliminate  doubts  about  the  calibration  of  the  monochromator  sine  drive.  The  measured  shift  is  1 .6%.  This  large  of  a 
shift  or  larger  was  measured  in  every  run  in  which  the  laser  was  run  at  the  harmonic. 


Figure  5.  Optical  spectra  for  the  fundamental  and  third  harmonic  in  third  order.  Both  spectra  were 
taken  at  the  peak  in  the  cavity  length  detuning  curves.  The  signal  was  gated  to  look  at  the  same  part  of  the 
electron  beam  pulse.  Secondary  peaks  in  each  curve  are  sidebands. 
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This  discrepancy  may  be  due  to  3D  guiding  effects  which  can  pull  the  frequency  to  longer  wavelengths  for  a  small 
electron  beam8.  The  phenomenon  arises  due  to  the  differing  phase  shifts  for  the  higher  order  cavity  modes  as  they 
traverse  the  length  of  the  interaction  region.  In  order  to  form  the  smaller  optical  mode  caused  by  optical  guiding 
effects,  it  is  necessary  to  include  some  of  the  higher  order  cold  cavity  modes.  The  gain  curves  for  the  first  three 
Gauss-Laguerre  modes  in  the  original  Stanford  3  pm  laser  are  shown  in  figure  6.  Large  v  corresponds  to  longer 
wavelengths.  It  is  clear  from  this  figure  that  the  mean  wavelength  will  be  pulled  to  longer  wavelengths  with  the 
inclusion  of  higher  order  modes. 


v 


Figure  6.  Laser  gain  normalized  to  the  TEMoo  mode  for  the  first  three  Gauss-Laguerre  modes  of  a 
FEL  with  cylindrical  symmetry.  The  parameter  v  is  the  frequency  or  energy  detuning.  Larger  values 
of  v  correspond  to  longer  wavelengths. 

We  note  that  there  are  several  phenomena  which  might  reduce  the  difference  in  the  fundamental  and  third 
harmonic  wavelengths.  We  can  only  account  for  two  phenomena  which  might  increase  the  difference.  The  first  is  the 
saturation  effect  noted  above.  This  is  limited  by  the  appearance  of  the  sideband.  The  mean  frequency  of  the  pulse 
does  move  off  to  longer  wavelengths  as  one  saturates  harder,  but  the  first  peak  is  stationary.  The  change  in  the  mean 
is  produced  by  the  production  of  more  and  stronger  sidebands.  The  second  phenomenon  is  the  guiding  effect.  This 
effect  would  only  be  strong  for  the  fundamental  due  to  the  relatively  large  size  of  the  optical  mode.  This  effect  is  not 
limited  like  the  saturation  effect.  It  could  easily  account  for  the  extra  frequency  shift  seen  in  these  experiments. 

In  conclusion  we  note  that  several  free -electron  laser  designs  rely  on  the  option  of  harmonic  lasing  to  extend  the 
wavelength  range  of  the  laser  to  wavelengths  not  possible  with  the  energy  delivered  by  the  accelerator  system.  It  may 
also  be  possible  to  extend  the  range  of  a  laser  by  enlarging  the  optical  bore  size  to  allow  longer  wavelength  operation 
without  giving  up  short  wavelength  operation.  Finally,  one  can  reach  wavelengths  not  available  through  extra-cavity 
harmonic  generation.  This  now  seems  feasible  given  adequate  beam  quality.  We  should  also  note  that  harmonic 
lasing  has  already  been  used  to  generate  light  in  the  range  of  1.4  to  1.8  pm  for  studies  in  materials  sciences9. 
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Abstract 

We  report  the  results  from  the  first  operation  of  a  f ree-electron  laser  (FEL)  driven 
by  an  electron  beam  from  a  laser  irradiated  photocathode.  The  Rocketdyne/Stanf ord  FEL 
achieved  sustained  osc i  1  la t ions ,  lasting  in  excess  of  three  hours,  driven  by 
photoelectrons  accelerated  by  the  Stanford  Mark  III  radio-frequency  linac.  A  LaB6 
cathode,  irradiated  by  a  tripled  Nd:Yag  mode- locked  drive  laser  was  the  source  of 
photoelectrons.  The  drive  laser  operating  at  95.2  MHz,  was  phase-locked  to  the  30th 
subharmonic  of  the  S-band  linac.  Peak  currents  in  excess  of  125  A  were  observed  and 
delivered  to  the  Rocketdyne  two  meter  undulator  which  was  operated  as  a  stand-alone 
oscillator.  The  electron  beam  had  an  energy  spread  of  0.8%  (FWHM)  at  38.5  MeV  and  an 
emittance,  at  the  undulator,  comparable  to  that  observed  for  thermionic  operation  of  the 
electron  source.  Small  signal  gain  in  excess  of  150%  was  observed.  The  turn-on  time  of 
tne  FEL  macropulse  relative  to  the  start  of  the  electron  macropulse  suggested  100%  small 
signal  gain  could  be  sustained  over  two  hour  time  periods.  Preliminary  estimates  of  the 
electron  beam  brightness  deliverable  to  the  undulator  range  from  3.5  x  1011  (A/m2) 
to  5.0  x  1011  (A/m2) . 

Introduction 

Rf-linac  driven  f tee- e lec t r on  lasers  require  electron  beams  possessing  high  peak 
brightness  and  low  energy  spread.  The  advancement  of  FEL  technology  toward  operating 
regimes  characterized  by  shorter  wavelength  and  higher  power  hinges  on  finding  suitable 
electron  beam  sources  that  can  produce  high- br ightness ,  high  current  beams. 

Conventional  electron  sources  consist  of  a  thermionic  cathode  positioned  within  a  dc  or 
rf  electron  gun  followed  by  either  a  subharmonic  or  magnetic  bunching  element  ,  used 
primarily  to  increase  peak  current,  and  matching  optics  to  preserve  beam  brightness  into 
the  accelerator.  Recently,  laser  illuminated  photoemi Iters  have  emerged  as  an 
alternative  to  conventional  thermionic  sources.1'2  Photocathodes  have  three 
significant  advantages  over  thermionic  cathodes 

1)  photoca thodes  produce  intrinsically  brighter  electron  beams3 

2)  photocathode  gun  systems  offer  controlled  time  gating  of  the  charge  emitted 
from  the  cathode 

3)  photocathode  gun  systems  provide  a  means  of  controlling  the  charge  density  profile 
at  the  cathode  so  as  to  maximize  beam  brightness  at  the  undulator 

For  rf-linac  driven  FELs,  a  train  of  low  emittance,  high  peak  current  pulses  are 
converted  to  high  fluence  optical  pulses  possessing  similar  temporal  characteristics  via 
the  interaction  of  the  electron  beam  pulses  and  undulator  magnetic  field.  Typical  pulse 
formats  associated  with  rf-linacs  are  micropulse  lengths  between  1-100  psec  separated  by 
.35  -  250  nsec  over  macropulse  lengths  of  5-100  msec.  Pulse  formats  characteristic  of 
rf  linacs  are  easily  replicated  by  lasers  used  to  drive  photocathodes  and  thus,  allow  a 
range  of  experiments  which  can  shape  initial  electron  beam  phase  space  to  exploit  any 
correlations  which  may  prove  beneficial  to  FEL  performance. 

The  Rocketdyne  Photoin  iector  Program 

In  1987  the  Rocketdyne  division  of  Rockwell  International  committed  internal  research 
and  development  funds  to  study  the  feasibility  of  converting  the  thermionically  operated 
LaBg  cathode  in  the  Mark  III  electron  gun  into  a  photocathode  gun  system. 

Measurements  were  made  to  determine  the  quantum  efficiency  of  LaB§  in  a  testbed 
established  at  Rocketdyne.4  These  measurements  resulted  in  a  measured  quantum 
efficiency  of  approximately  10~4.  The  favorable  quantum  efficiency  data  resulted  in 
the  allocation  of  internal  research  and  development  funds  to  purchase  a  tripled  NdrYag 
mode- locked  laser  to  be  installed  at  the  Stanford  Photon  Research  Laboratory  (SPRL)  so 
that  photocathode  experiments  could  commence  on  the  Rocketdyne/Stanf ord  FEL  system. 
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Delivery  cf  the  laser  occurred  in  August  1988  with  final  installation  being  completed  in 
late  October.  Initial  experiments  began  in  early  November  with  a  successful  measurement 
of  128  A  peak  current  for  the  fully  accelerated  electron  beam.  Lasing  in  the  Rocketdyne 
2  meter  oscillator  using  electrons  from  a  laser  irradiated  photocathode  was  demonstrated 
in  mid  November,  representing  a  significant  milestone  in  FEL  technology  development. 
Final  experiments  to  quantitatively  measure  electron  beam  brightness  and  energy  spread 
cha r ac t er i s t  i  cs  were  conducted  at  the  end  of  November.  Continuation  of  the  photocathode 
experiments  will  resume  in  mid  summer  1989  once  the  Mark  III  has  been  commissioned  at 
Duke  University. 

System  Description 

The  FEL  facility  at  the  Stanford  Photon  Research  Laboratory  consists  of  a  microwave 
gun8  feeding  the  Mark  III  rf-linac6  which  is  capable  of  accelerating  electrons  to 
a pp r ox ima t e ly  90  MeV.  Electrons  are  emitted  by  a  3  mm  diameter  LaBg  cathode  which  is 
typically  operated  at  1800  K  as  a  thermionic  electron  source.  In  the  experiment 
reported  here  we  irradiated  the  LaBg  with  40  itJ .  100  psec  laser  pulses  at  385  nm. 

The  drive  laser  was  a  tripled  Nd:Yag  operating  at  95.2  MHz  which  was  phase-locked  to  the 
30th  subharmonic  of  the  Mark  111  linac.4  The  drive  laser  system  sat  directly  above 
the  microwave  gun  on  the  shielding  blocks  which  formed  the  roof  of  the  accelerator 
vault.  This  minimized  the  length  of  the  optical  transport  system  needed  to  deliver  the 
light  pulses  to  the  cathode  and  allowed  access  to  the  drive  laser  during  operation  of 
the  accelerator.  A  layout  of  the  drive  laser  system  is  shown  in  Figure  1.  The  laser 
light  was  delivered  to  the  cathode  via  an  optical  transport  system  which  consisted  of  a 
matching  telescope,  delay  line  and  a  remotely  controllable  steering  mirror  which 
directed  the  laser  pulses  through  a  sapphire  vacuum  window  and  onto  a  stationary  final 
pointing  mirror  (see  Figure  2).  The  final  pointing  mirror,  located  inside  the  vacuum 
enclosure  of  the  microwave  gun  assembly,  directed  the  laser  pulses  onto  the  LaB^ 
cathode  at  an  incidence  angle  of  50  degrees.  Electrons  emitted  from  the  LaBg  are 
accelerated  by  the  rf  gun  cavity  to  approximately  1  MeV  and  then  transported  through  the 
alpha  magnet  and  into  the  Mk  III  linac  (see  Figure  3).  The  action  of  the  alpha  magnet 
is  twofold  first,  it  acts  as  a  momentum  filter  eliminating  the  wings  of  the  energy 
distribution  and  secondly,  it  acts  to  compress  the  electron  pulse  from  100  psec  at  the 
cathode  to  a pp r ox ima te ly  2  psec  at  the  entrance  to  the  linac.  Located  approximately  8 
meters  down stream  of  the  accelerator  is  the  Mark  III  hybrid  undulator7  and 
approximately  5  meters  further  downstream  is  the  Rocketdyne  permanent  magnet 
undulator.8  The  undulators  are  positioned  so  that  they  lie  along  the  common  axis  of 
the  accelerator  which  simplifies  electron  beam  transport  and  offers  extended 
possibilities  for  experiments  using  multiple  FEL  systems  (see  Figure  4).  This  unique 
placement  of  two  separate  undulators  driven  by  the  same  rf-linac  provides  an  extremely 
flexible  FEL  testbed.  Each  undulator  has  its  own  resonator  allowing  oscillator 
experiments  to  be  performed  on  each  undulator  individually.  In  addition,  an  optical 
transport  line  linking  the  two  undulators  allows  the  system  to  operate  in  a  master 
oscillator  power  amplifier  (MOPA)  configuration. 9> 10 

Electron  Beam  Energy  Spread  and  Brightness 

Electron  beam  energy  and  energy  spread  are  determined  using  a  magnetic  spectrometer 
located  downstream  of  the  Mark  III  linac.  An  energy  spread  of  0.8%  FWHM  was  measured 
for  a  nominal  electron  beam  energy  of  38.5  MeV.  Total  charge  contained  within  the 
macropulse  is  estimated  from  the  average  macropulse  current  supplied  by  the  linac  toroid 
(see  Figure  5).  A  typical  micropulse  charge  of  170  pCoul  was  observed  during  the  energy 
analysis  described  above.  For  the  fully  accelerated  electron  beam,  a  maximum  micropulse 
charge  of  250  pCoul  was  observed.  Utilizing  the  alpha  magnet  calibration,  as 
established  from  previous  MOPA  experiments,  we  can  estimate  micropulse  lengths  of  2  psec 
at  the  two  meter  undulator.  If  this  calibration  remains  valid  for  these  higher  values 
of  total  micropulse  charge  then  peak  currents  of  125  A  should  be  obtainable  at  the  two 
meter  undulator.  The  electron  beam  emittance  associated  with  photocathode  operation  was 
studied  using  two  different  methods.  The  first  method  employs  a  quadrupole  focusing 
element  which  is  varied  while  the  resulting  spot  size  on  a  downstream  screen  is 
measured.  Spot  size  data  at  the  downstream  screen  location  as  a  function  of  quadrupole 
focusing  strength  allows  both  the  horizontal  and  vertical  emittance  at  the  entrance  to 
the  quadrupole  to  be  determined.  This  technique  for  determining  electron  beam  emittance 
has  pcoven  unreliable  in  previous  experiments  due  to  screen  saturation  effects  thus,  the 
results  can  only  be  assessed  in  a  qualitative  manner.  One  apparent  observation  was  that 
the  electron  beam  from  the  photocathode  did  not  appear  to  have  a  halo  characteristic  of 
thermionic  operation.  The  second  method  employed  for  emittance  determination  was  to  use 
the  spontaneous  light  emitted  from  the  Rocketdyne  2  meter  undulator  while  in  an 
amplifier  configuration.  Measurement  of  the  size  of  the  light  source  at  differing 
locations  within  the  undulator  may  be  linked  to  the  electron  beam  size  within  the 
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undulator.  This  then  provides  an  estimate  of  the  electron  beam  emittance  deliverable  to 
the  undulator.  Preliminary  analysis  suggest  normalized  horizontal  and  vertical 
emittances  of 

( yflc  x )  pho  toca  t  hode  =  °-8  ( YB  cx  )  thermionic  =  8,tT  mm-mrad 

( Yfl  cy )  pho  toca  t  hode  -  1  •  0  ( fflty  >  t  hermi  onic  =  4lT  mm-mrad 

These  measurements  were  taken  for  linac  toroid  readings  corresponding  to  170  pCoul 
per  micropulse.  Analysis  of  the  emittance  data  is  continuing  and  will  be  published  at  a 
later  date.11 

FEL  Performance 

The  ability  to  operate  the  LaB6  as  both  a  thermionic  and  photoelectric  emitter 
provided  us  with  a  simple  and  reliable  procedure  for  achieving  laser  oscillation  with 
electrons  generated  from  the  laser  irradiated  LaBg.  The  initial  step  was  to  achieve 
an  optimized  match  through  the  two  meter  undulator  by  maximizing  FEL  performance  during 
thermionic  operation.  Beam  positions  on  the  screens  along  the  transport  line  were 
recorded  allowing  us  to  re-establish  this  trajectory  with  electrons  from  the  laser 
irradiated  photocathode.  The  transition  between  thermionic  and  photocathode  operation 
was  achieved  by  reducing  the  cathode  temperature  and  irradiating  the  LaBg  with  355  nm 
light  from  the  Nd:Yag  drive  laser.  Adjustment  of  the  gun  matching  optics  provided 
sufficient  degrees  of  freedom  to  preserve  the  recorded  beam  positions  on  the  screens 
along  the  transport  line.  Once  the  electron  beam  trajectory  was  re-established  through 
the  undulator.  the  system  lased.  FEL  performance  was  further  improved  by  fine 
adjustments  of  the  quadrupole  triplet  upstream  of  the  two  meter  undulator.  Oscillations 
were  sustained  over  a  three  hour  time  period.  We  observed  deterioration  of  the  laser 
signal  toward  the  end  of  the  experiment  which  was  later  attributed  to  mirror  damage  in 
the  Nd:Yag  laser  transport  system.  Lasing,  during  a  majority  of  the  experiment,  was 
accomplished  using  170  pCoul  micropulses.  Macropulse  energies  as  high  as  0.5  mJ  were 
measured  with  a  pyroelectric  detector  in  the  optics  shack.  During  the  experiment, 
typical  and  sustainable  macropulse  energy  measurements  yielded  approximately  0.35  mJ 
(see  Figure  6).  Electron  beam  macropulses  of  4  msec  resulted  in  3  msec  optical 
macropulse  lengths.  The  measured  turn-on  time  of  the  laser  suggested  sustainable  small 
signal  gain  of  100%  per  pass.  Amplitude  fluctuations  within  the  FEL  macropulse  were 
observed  to  be  correlated  with  small  fluctuations  within  the  drive  laser  intensity 
profile.  The  effect  produced  a  macropulse  saturation  intensity  that  took  on  the 
appearance  of  the  neighboring  Sierra  mountains  and  thus  is  currently  referred  to  as  the 
"Sierra  Mountain  Effect"  (see  Figure  7).  The  micropulses  were  easily  resolvable  because 
of  the  10.5  nsec  spacing  produced  by  the  drive  laser  pulse  train  as  illustrated  in 
Figure  8.  Turn  on  of  the  FEL  oscillator  was  extremely  fast  as  evidenced  in  Figure  9. 
Table  1  provides  a  summary  of  the  parameters  established  by  this  set  of  experiments. 


Parameter 

Thermionic 

Operation 

Photocathode 

Operation 

Typical 

Typica 1 

Maximum 

Small  signal  gain  (per  pass) 

60% 

100% 

150% 

Micropulse 

charge  (pCoul) 

70 

170 

250 

Micropulse 

current  (A) 

35 

60 

85 

Normal ized 

emittance  (mm-mrad) 

YBex 

IOtt 

8t r 

4tt 

4tt 

Peak  brightness  (A/m2) 

1 . 8xl0] 1 

3 . 8X1011 

5 .4x10 

Table  1.  Comparison  of  Electron  Beam  Parameters  Observed  During 
Thermionic  Operation  and  Photocathode  Operation 

Conclusions 


The  Rocketdyne/Stanf ord  photocathode  experiment  represents  the  first  achievement  of 
FEL  oscillations  using  electrons  from  a  laser  irradiated  photocathode.  The  experiment 
was  performed  using  the  Mark  III  rf-linac  and  the  Rocketdyne  2  meter  undulator.  We 
observed  peak  currents  in  excess  of  125  A  with  energy  spread  cor  responding  to  0.8%  FWHM 
and  an  improved  emittance  relative  to  thermionic  operation.  Small  signal  gains  in 
excess  of  150%  per  pass  were  observed.  We  demonstrated  sustained  oscillations  over  a 
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three  hour  time  period  with  100%  per  pass  small  signal  gain  at  3.1  urn-  The  quantum 
efficiency  of  LaBg  was  measured  to  be  10~4  for  electron  current  densities  of  100 
amp/cm2.  We  have  not  witnessed  any  deterioration  of  the  LaBg  cathode  after 
approximately  100  hours  of  photocathode  operation.  We  estimate  electron  beam  brightness 
at  the  undulator  to  be  approximately  4  x  lO11  (A/m2)  and  do  not  foresee  any 
intrinsic  system  limitations  which  would  prevent  us  from  obtaining  peak  brightness 
approaching  1  x  lO12  A/m2. 
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Figure  #2  Illustration  of  the  final  pointing  mirror  and  the  microwave  gun 
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Figure  #3  Schematic  layout  of  the  Mark  III  microwave  gun  and  linac 


Figure  #4  Layout  of  the  SPRL  FEL  facility. 


Figure  #5  The  gun  toroid  signal  (A)  suggested  micropulse  charge  of  250 
pCoul.  off  the  cathode.  The  linac  toroid  signal  (B)  indicated  that  only  125 
pCoul.  was  transmitted  through  the  alpha  magnet. 
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Figure  #6  Typical  optical  macropulse  energies  of  Figure  #7  Small  fluctuations  within  the  Nd:Yag 

0.35  mJ  were  measured  in  the  optics  shack  during  drive  laser  produced  large  amplitude  fluctuations 

the  phn*ocathode  experiment.  in  the  FEL  macropulse. 


Figure  # 8  The  FEL  micropulse  structure  associated  with  the  95.2  MHz 
operating  frequency  of  the  drive  laser  was  clearly  evident  . 
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Figure  #9  A  typical  FEL  macropulse  captured  from  video  tape  during  the  3 
hour  photocathode  experiment. 
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Abstract 


A  brief  review  of  the  factors  determining  the  success  of  short -wa vel ength  chemically 
pumped  electronic  transition  lasers  is  presented.  Those  principles  are  applied*  to  the 
chemical  oxygen  iodine  laser  (COIL)  and  to  a  leading  candidate  laser  system,  NF  pumped 
BiF,  which  would  operate  at  significantly  shorter  wav^e length  (A  =  450  nm).  Recent  addi¬ 
tions  to  the  kinetic  and  spectroscopic  database  for  NF  -  BiF  are  discussed. 

I nt  roduct i on 


Work  on  chemically-pumped  electronic  transition  lasers  intensified  after  the  discovery 
of  chemi ca 1 1 y -pumped  vibrational  lasers  in  the  infrared.  Although  photodissociation 
electronic  transition  lasers  have  been  demonstrated,  the  chemi ca 1 ly -pumped  oxygen -i odi ne 
laser  (COIL)4  is  the  only  current  example  of  a  chemically-pumped  electronic  transition 
laser;  no  clear  cut  demonstrat i on  of  chemi ca 1 ly -pumped  lasing  in  the  visible  has  been 
forthcoming.  This  is  despite  a  good  deal  of  work  on  a  number  of  apparently  promising 

systems . 

The  object  of  the  present  status  report  is  not  to  provide  a  comp rehe.i s i ve  review  of  the 
work  in  this  area.  It  will  evaluate  the  underlying  chemical  physics  constraints  that 

control  the  viability  of  such  a  short -wavel ength  chemical  laser  (SWCL)  system,  test  those 

constraints  against  the  prototype  COIL  system  and,  finally,  examine  current  data  on  both 

of  NF(a1A)  ( i soel ect roni c  to  02(3a)  in  the  COIL  sys- 
energy  into  e  1  ect  ron  i  ca  1  ly -e  xc  i  t  ed  Bi  (^^3/2.)  and 
be  discussed  as  a  candidate  for  laser  action  at 


the  efficient  production  and  storage 
tern)  and  the  conversion  of  that 
BiF(A0+).  The  latter  molecule  will 
A  =  450  nm. 


Background 


Following  a  simplified  formalism  used  by  Cool,4  two  complementary  requirements  for  pro¬ 
ducing  a  population  inversion  by  chemical  reaction  can  be  developed  for  the  generic  pro¬ 
cess 


A  +  BC  *  AB*  +  C 


( la) 


-  AB  +  C 


(lb) 


Both  of  these  requirements  will  be  developed  for  the  most  favorable  case  of  a  premixed 
chemical  system  exhibiting  no  population  build-up  in  the  lower  laser  level,  a  Doppler 
broadened  transition,  and  no  electronic  quenching  of  the  upper  laser  level.  Any  "real" 
laser  system  will  be  more  difficult  to  demonstrate.  The  gain  coefficient  can  be  written 

y(v)  =  ( 1 / 1  )d I /dx  =  (A2/8*)ANg(A-Ao)/rs  (2) 


where  AN  =  N  -  N-|(g  /g-j),  g  and  gi  are  the  upper  and  lower  state  degeneracies, 
g(A  -  A  )  is  the  lineshape  function,  and  x  is  the  spontaneous  emission  lifetime.  If  the 
loss  from  the  cavity  results  solely  from  the  outcoupling  of  laser  radiation,  the  photon 
loss  can  be  written 


dl/dt  =  c"1  dl/dx  =  -1/t  (3) 

where  t  is  the  cavity  photon  lifetime,  x  =  L/ca,  and  a  is  the  fractional  outcoupling  per 
pass.  Assuming  a  Doppler  broadened  linewidtb  and  setting  gain  equal  to  loss,  the  first 
device  requirement,  the  critical  inversion  density,  can  be  written 

iNc  =  (4a2/A3)[8kT/-rm)1/2/c](ts/Tp)  =  (  4*  2/ A  3  )  (  8k  T /wm  )  1  /  2  (  a/ L  )  T  $  (4) 

From  £q.  (4),  it  can  be  seen  that  the  critical  inversion  density  for  lasing  increases 
as  A"  .  This  is  one  of  the  key  factors  that  has  slowed  development  of  SWCL  devices.  A 
more  complete  and  accurate  derivation  of  the  gain  equation  for  diatomic  molecules  is  given 
by  Sutton  and  Suchard,  however,  the  basic  arguments  presented  here  are  valid. 

The  second  requirement  related  to  chemical  lasers  is  the  critical  pumping  rate  which 
has  to  exceed,  at  a  minimum,  the  loss  rate  represented  by  A  N  /  x  ( i  .  e  .  ,  loss  of  the  upper 
laser  level  by  spontaneous  emission).  In  Fig.  1,  the  evoluTicm  of  a  chemical  inversion 
density  is  traced.  In  order  to  invert  a  given  vibronic  transition  in  a  diatomic  product 
molecule  (AB  in  Fig.  1), 
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(5) 


d  [  AB  *  ( v  '  ,  J  '  )  ]/dt  -  kt[A][BC]  »  f(E,,v,,J')  >  aNc/ts 

where  kt  is  the  overall  reaction  rate  coefficient  and  f (E 1 , v ' ,J ' )  =  f(E')xf(^')xf(J')  is 
the  fraction  of  molecules  residing  in  a  given  v i b ra t i on  -  rot  a t  i  on  state  of  AB  .  Assuming 
that  the  rotational  levels  are  thermalized  to  the  bath  gas  temperature,  f(J'max)  * 
(2Bhc/kT)1f^  exp ( -0 . 5)  =  0.01-0.05.  The  fractional  population  in  the  optical  vibrational 
level,  f(v'),  is  expected  to  be  large,  ji.e.,  10-90%.  No  chemical  laser  system  that  exhib¬ 
its  less  than  10%  branching  ratio  to  AB  (f(E'))  is  expected  to  be  interesting  because  the 
system  will  be  energetically  inefficient.  Note  that  while  the  critical  inversion  density 
is  a  function  of  t.  ,  the  critical  pumping  rate  in  a  premixed  system  is  not.  If  the  lasing 
species  is  atomic  rather  than  diatomic,  the  dilution  of  population  among  vibrational  and 
rotational  levels  is  eliminated  (critical  pumping  rate  reduced  by  approximately  10^  - 
1 0  3  ) . 


k**(E*.  V',  J")[A][BC] 


-► 


\ 

\ 

\ 

\ 

\ 

REACTION  ACTIVATION  \  BRANCHING 

RATE  BARRIER  \  RATIO 

\ 

\ 

\ 

\ 

\  C 

\ 

k4>(E,  v",  J")[Aj[B]  \ 

- *  \ 

\ 


3 

2 

1 

J' 


=  0 


R0TATI0NALLY 
SPECIFIC 
POPULATIONS 
(single  line  gain) 

— —  3 

—  J"  =  0 


Fig.  1.  Schematic  Requirements  for  a  Chemi cal ly -Pumped  Electronic  Transition  Laser. 


A  useful  comparison  can  be  made  between  two  SWCL  systems.  The  COIL  system  is  based  on 
electronic  energy  transfer  between  O^^A)  and  ground  state  I  atoms: 


O-^A)  +  K2P3/2) 

t  02 ( 3E )  +  H2P3/2) 

(6) 

'1 2pi/2>*  '<Jp3/2> 

+  h  v  (A  =  1.315  pm) 

(7) 

The  second  system  is  a  candidate  SWCL  deyice  based  on  energy  storage  in  NF(*A),  mixing 
with  Bi ,  and  lasing  on  either  Bi  or  BiF.6"9  Although  the  mechanism  is  not  fully  verified, 
we  will  discuss  the  most  likely  pathway: 


NF  ( 1 A  )  +  Bi  ( 

*S)  t  NF(3S)  +  Bi(3D3/2) 

(8) 

NF ( 1  A)  +  Bi  { 

2D3/2)  -  B i F ( A0+  )  +  N ( 4  S  ) 

(9) 

8 1  ( 2° 3/ 2  ^ 

►  B i ( 4 S )  +  hv  (876  nm) 

(10) 

BiF ( AO  +  )  * 

8i F ( X0  + )  +  hv  (450  nm) 

(11) 

The  COIL  system  has  a  number  of  advantages  that  have  led  to  its  demonstration  as  the  first 
cw  electronic  transition  laser  (Fig.  2). 
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POOLING 


TRANSFER 


o^e) - 

o^a)  fr 

I  (2pl/2) 

1.315  /im 
7.8  sec-1 

-  I  {2P3/2) 

Fig.  2.  Kinetic  Processes  in  the  Chemically- 
Pumped  Oxygen -Iodi ne  Laser  (COIL). 


1.  Op^a)  can  bje  made  in  large  den¬ 
sities  (>10lb/cm3)  by  a  highly 
efficient  chemical  reaction  (E  > 
90%) . 

2.  0 2 ( 1  ^ )  is  not  easily  quenched. 

3.  Oo^M  transfers  energy  rapidly 
(kg  =  7.8  x  10'11  cm3/sec)  and 
efficiently  (E  -  100%)  to  I. 

4.  0 2 ( 1 A )  does  not  pool  energy 
rapidly  or  reac£  chemically  with 
itself  or  with  I  . 

5.  The  I  atom  can  £e  inverted  when 
0o(1a),  Ogpz),  I  and  I  are  in  an 
electronic  equilibrium. 

6.  An  atom  is  being  lased.  Thus, 
there  is  no  vibrational  or  rota¬ 
tional  dilution  of  the  upper 
level  . 


The  NF*-Bi  and  NF*-8iF  systems  have  a  number  of  attributes  that  contribute  to  the  diffi¬ 
culty  of  a  laser  demonstration  (Fig.  3),  although  there  are  many  positive  features: 


POOLING 


TRANSFER  CHEMISTRY 


- NF^E) 

HF(v) 

NR1  A) 


Bi(2D5/2) 


NF(% 


7 - NF(3A) 

I  REACTION, 

*  RELAXATION 


-  Bi(2D3/2) 

0.87  (im 
30  sec-1 

- Bi(*S) 

REACTION 

▼ 


▼ 


BiF(A0+) 


0.46  jim 
x  105  sec 

BiF(b) 

BiF(a) 


BiF(X0+) 


REACTION, 

RELAXATION 


-1 


Fig.  3.  Kinetic  Processes  in  the  NF*-Pumped  Bi*,  BiF*  Laser  Candidate  System. 

1.  NF  ( 1  a)  can  be  created  with  large  densities  (~  1016/cm3)  and  with  high  efficiency 
(E  =  90%). 


2.  NF ( 1  A)  is  not  easily  quenched. 

3,  Although  N  F ( 1  a )  transfers  energy  rapidly  to  B i ( 4  S )  (2  x  10' 10cm3/sec )  ,  the  rate  and 
efficiency  of  Process  (9)  are  less  certain. 
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4.  NF(*a)  has  the  potential  to  react  with  both  8i  and  B  i  F  x  species,  thus  vastly  compli¬ 
cating  the  system  chemistry. 

5.  Ground  state  8iF(X0+)  removal  is  a  serious  constraint  on  a  laser  demonstration. 

6.  4  diatomic  molecule  is  being  lased.  Significant  vibrational  and  rotational  dilution 
will  take  place. 

These  factors  are  presented  in  Table  I  within  the  context  of  Eqs.  (4)  and  (5).  It  can 
be  seen  that  the  chemical  pumping  rate  of  the  atomic  systems  would  be  trivial  to  obtain  if 
spontaneous  emission  rather  than  electronic  quenching  dominated  the  upper  state  loss. 

Since  this  is  not  the  case,  the  principal  problems  are  associated  with  minimizing  upper 

state  quenching  in  order  to  achieve  the  required  AN  .  For  the  BiF{A0+)  case,  the  short 

radiative  lifetime  mitigates  against  quenching,  but  now  puts  serious  strain  on  the 

required  chemical  pumping  rate. 


Table  I.  Critical  Inversion  Densities  and  Chemical  Pumping  Rates  for  I*,  Bi*  and  BiF* 


Lasing 
Speci es 

X  (  jm  ) 

(4ir"/X 

V 

M 

(8kT/ 

«)1'2  t, 

d/L 

AN 

ANC/ 

Ts 

1  (  2  P  1  /  2  ^ 

1.315 

1.7  x 

1013 

127 

2.2  x 

104  0.13 

10'3 

4.8 

X 

1013 

3.7 

X 

1014 

(8.2 

X 

1013)44 

(6.3 

X 

1014) 

3  i  (  2  D  3  j  2  ) 

0.876 

5.9  x 

1013 

209 

1.7  x 

104  0.031 

10'3 

3.1 

X 

1013 

1.0 

X 

10*5 

(1.2 

X 

1014) 

(4.0 

X 

10375) 

B  i  F ( AO  * ) 

0.447 

4.4  x 

1014 

2  28 

1.7  x 

104  1.44  x  10'6 

10"3 

1.1 

X 

1010 

7.6 

X 

1035 

(~2 

X 

1 0 1 2  ) 

(1.5 

X 

1018) 

4A1  1  unlabeled  units  are  cgs. 

44Values  for  the  entire  upper  electron  state  are  in  parentheses. 


Recent  Progress  on  NF*-Pumped  BiF 

The  produc:  ion  of  NF(a*A)  from  the  reaction 

H  +  NF2  NF  (a  1 A )  +  HF  (12a) 

->•  NF(X3Z)  +  HF  (12b) 

has  been  studied  for  nearly  two  deca de s . * * 2  Recent  work  in  this  Laboratory*3  has  con¬ 
firmed  that  the  branching  ratio  *s  >  90%.  Earlier  work  reached  the  same  con¬ 

clusion;  however,  in  those  studies,  the  NF  ( X )  ground  state  was  not  measured.  Other  re¬ 
actions  have  also  provided  large  yields  of  NF(*A)  such  as 

F(2P)  +  N3  (  2tt  )  *  NF  ( a  1 A )  +  N2(X*zg)  (13) 

All  of  thes,°  reactions  constitute  part  of  a  larger  class,  which  conserve  the  basic  struc¬ 
ture  of  N(4D)  as  it  passes  from  one. chemi ca 1  environment  to  another.  Additional  examples 
are  provided  by  0  +  CN  and  H  +  NF ( *  A)  [N ( 4D )  product]  and  by  N  +  N^  and  N(^D)  +  NF(  A) 
[N2(B3h)  product]. 

If  Reaction  (12)  is  coupled  to  the  well  known  laser  reaction 

F  +  H?  +  HF  +  H  (14) 

one  can  see  that  an  NF2/H2  mixture  can  be  run  on  a  cha.in  reaction  if  NF(a,X)  can  be  made 
to  regenerate  F  atoms  to  propagate  the  chain.  If  NF(a*A)  is  deactivated  to  NF(XJz)  [for 
example,  by  Process  (8)],  NF(X)  can  regenerate  F  atoms  by 


NF ( X )  +  NF ( X )  ♦  N2  +  2F 
NF ( X )  +  NF2  ♦  N2F2  +  F 


or 
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(15) 

(16) 


Recent  work1J  has  measured  the  rate  of  Process  (16),  but  has  obtained  no  evidence  of  the 
d i sporport  i  ona t  i  on  Reaction  (16).  Finally,  the  chain  terminates  by  the  three-body  recom¬ 
bination  process 


This  analysis  has  been  previously  reported.^ 

When  Ri  atoms  are  introduced  into  a  stream  of  N F ( a 1 A ) ,  the  near  resonant 
fer  Process  (8)  rapidly  converts  a  major  fraction  of  the  Bi  from  the 
state.  At  higher  densitiesof  NF (a  1  A)  ,  spectra  such  as  the  one  shown  in 
with  considerable  intensity.'9  As  shown  in  Fig.  3,  neither  N  F ( a 1 A )  ni 
to  directly  populate  8iF(A0+).  Either  the 

(9),  or  a  sequential  pumping  mechanism. 


sufficient  energy 
Processes  (3)  and 


•  resonant  energy  trans¬ 
om  the  to  the 
shown  in  Fig.  4  appeA r 
NF(a1A)  nor  N F ( b 1 Z )  has 
mechanism  suggested  by 


NF (a  1  A) 
NF (a  1  A) 


+  Bi  F ( X0  +  ) 
+  Bi F (b0+  ) 


NF(X3E)  +  Bi  F (b0+) 
NF(X3£)  +  B  i  F  ( A  0  +  ) 


“  160 


(0,  2) 

-0,  3) 
-(2,  4) 
r(0,  3) 
r(1.  4) 
f  (2,  5) 


382  404  426  448  470  492  514  536  558 

WAVELENGTH,  nm 

Fig.  4.  Chemically-pumped  B i F ( A  -►  X)  Emission.  KrF  Laser  Photoinitiation  of 
NF  2 ( 0 . 44  Torr),  H2  (0.23  Torr),  Bi(CH3)3  (0.007  Torr),  Ar  (10.9  Torr). 

appears  to  be  the  most  likely  candidate.  Both  mechanisms  could  contribute.  In  addition 
to  work  on  the  mechanism  of  the  NFp/Hp  system,  several  studies  on  Bi  and  BiF  have  been 
recently  completed.  The  ra di at i ve  1 i fet i me ,  electronic  quenching  rate  coefficients,  and 


BiF (A0  ) 


favorable 


V  >  T  transfer  rate  coefficients  of  BiF ( A0+ )  have  been  measured  in  the  presence  of  Ar,  He, 
and  SF^.35*1^  These  data  were  obtained  using  pulsed  laser-induced  fluorescence  on  BiF 
molecules  formed  by  reacting  Bi  and  F?  in  a  Broida  oven  apparatus.  The  results  are  sum¬ 
marized  in  Table  II.  The  latio  of  the  radiative  lifetime  to  the  electronic  quenching  of 
BiF(ACT)  is  favorable  for  efficient  lasing,  however,  the  radiative  lifetime 
(r  =  1,4  us)  is  quite  short  if  the  reagents  must  be  mixed.  Under  most  experimental  con- 
dilions,  a  Boltzmann  distribution  in  vibration  is  observed,  characterized  by  a  vibrational 
temperature  of  Ty1B  ~  1000  K.  If  the  BiF(A0  )  formation  mechanism  of  Reaction  (9)  is 
dominant,  the  behavior  of  8i(ZD)  is  critical  to  the  overall  efficiency  of  the  device, 
since  Reaction  (9)  must  compete  against  Bi^D)  quenching  by  the  other  medium  constit¬ 
uents.  TaJ)le  HI  summarizes  a  number  of  recently  measured  rate  coefficients  for 
Bi^Op/pJ.1'  The  only  significant  quenching  reactions  involve  the  widely  used  Bi  pre- 
cur  s  or  i  ^8  i  ( CH  •,)■, ,  its  CHp  fragments,  and  the  molecule  NF3. 


Table  II.  Radiative  Lifetimes,  V  +  T  Relaxation  Rates,  and 
Electronic  Quenching  Rates  for  BiF(A0+). 


LEVEL 

BiF  (A0+,  v  *  AO + ,  v  -  1) 

(cm3 /molecule-sec) 

BiF  (A0+,  v  — *•  X,  b,  a 2) 

(cm3 /molecule-sec) 

Ar 

He 

sf6 

Ar 

He 

sf6 

v  =  0 

1.44 

3.8E-13 

3.5E-13 

9.5E-14 

1 

1.30 

1.5E-12 

6.1E-12 

5.2E-12 

4.3E-13 

3.8E-13 

1. IE-13 

H  :  | 

1.44 

5.7E-12 

1.8E-11 

1. IE-11 

5.0E-13 

4.3E-13 

1.3E-13 

v  =  3 

1.47 

1. IE-11 

3.5E-11 

2.6E-10 

8. IE-13 

5.0E-13 

1.5E-13 

Table  III.  Rate  Coefficients  for  Removal  of  Bi(^D3^2)  by  Gas  Phase  Collisions. 


RATE  COEFFICIENT  (cm3/molecule-sec);  T  = 

295K 

COLLISION 

PARTNER 

— 

HOLLOWAY  ET  AL  (Aerospace) 

TRAINOR  (AVC0) 

BEVAN  &  HUSAIN 
(Cambridge) 

Ar 

<2  x  10“17 

<1  x  10“16 

— 

sf6 

<9  x  10“17 

<6  x  10“16 

— 

C02 

<8  x  IQ'17 

<1  x  10“15 

<4  x  10“15 

h2 

(4.1  ±  0.2)  x  10“15 

(7.2  ±  0.3)  x  10“ 15 

(7.9  ±  0.8)  x  10“14 

d2 

<(1.4  ±  0.1)  x  10-16 

<(2.5  ±  1.6)  x  10“16 

(1.1  ±  0.3)  x  10“14 

HF 

(2.3  ±  0.2)  x  10-14 

— 

— 

DF 

<(5.8  ±  0.5)  x  10“ 16 

— 

— 

HBr 

— 

— 

— 

n2f4 

>(1.1  ±  0.4)  x  10“12 

— 

— 

nf2 

<(1.2  ±  0.3)  x  10-11  (T  =  170C) 

— 

— 

Bi(CH3)3 

(7.7  ±  1.4)  x  10-11 

(1.2  ±  0.1)  x  10“10 

ch3 

>(2.6  ±  0.6)  x  10“10 

— 

— 

NF(a’A) 

-2  x  10“10 

— 

— 

The  remaining  work  on  the  system  is  clearly  focussed  on  the  mechanism  of  B i F ( A0+ )  pro¬ 
duction  and  on  the  removal  of  ground  state  BiF(X0  ).  Scaling  of  B i F (AO  )  to  the  critical 
inversion  density  calculated  in  Table  I,  requires  a  better  understanding  of  the  chemical 
physics  of  the  medium,  as  well  as  sound  engineering  of  any  demonstration. 

Summary  and  Conclusions 

This  review  has.  stressed  the  requirements  for  constructing  SWCl  devices.  The  primary 
issues  are  the  A-3  dependence  of  the  chemical  pumping  rate  and  the  dilution  of  population 
by  vibration  and  rotation  in  diatomic  lasing  species.  Both  of  these  phenomena  mandate 
larger  reagent  densities,  which  in  turn  increase  the  problems  associated  with  unwanted 
side  reactions  and  electronic  quenching.  The  recent  progess  on  energy  storage  in  NF ( a  A) 
and  excitation  of  8iF(A0+)  has  been  reviewed. 
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Abstract 

The  Hydrogen  Fluoride  Overtone  Chemical  Laser  Technology  Program  has  exploited  the  technology  base  developed 
over  the  last  two  decades  for  hydrogen  fluoride  lasers  and  successfully  demonstrated  a  short  wavelength 
chemical  laser.  This  technology  development  centers  on  overtone  lasing  of  the  hydrogen  fluoride  molecule  to 
produce  laser  radiation  at  1.33  micrometers  rather  than  the  conventional  fundamental  lasing  at  2.8 
micrometers.  The  overtone  wavelength  can  lead  to  significant  improvements  in  brightness  potential  as  well  as 
atmospheric  propagation  properties.  The  concept  has  matured  from  initial  demonstrations  at  the  ten  watt  scale 
to  the  currently  demonstrated  multi-kilowatt  level.  In  the  course  of  these  test  programs  it  was  necessary  to 
develop  new  highly  reflective  coatings  that  permitted  short  wavelength  lasing  while  completely  suppressing 
lasing  on  the  fundamental.  This  paper  briefly  reviews  the  performance  of  both  discharge  driven  and  combustion 
driven  chemical  laser  devices,  and  the  optical  configurations  employed  in  the  scalability  steps.  Appropriate 
diagnostics  are  discussed,  including  power,  efficiency,  and  spectra. 


I .  Introduction 


High  power  hydrogen  fluoride  (HF)  chemical  lasers  have  been  the 
subject  of  research  in  the  United  States  of  America  for  approximately 
two  decades.  The  basic  principal  of  operation  for  continuous  wave 
chemical  lasers  has  been  presented  in  several  places  .  During  this 
period  the  technology  advanced  from  the  laboratory  scale  to  major 
demonstration  systems  including  Baseline  Demonstration  Laser  (BOL), 
Navy-ARPA  Chemical  Laser  (NACL),  Mid-IR  Advanced  Chemical  Laser 
(MIRACL)  and  ALPHA.  Cylindrical  as  well  as  linear  concepts  have  been 
investigated.  Reference  4  presents  a  review  of  the  High  Power  Laser 
Programs.  Emphasis  during  this  period  was  placed  on  improvements  in 
efficiency,  scalabilility  of  concepts  and  improvements  in  beam 
quality.  For  space-based  applications  size  and  weight  considerations 
are  critical.  Planned  growth  to  include  addressing  responsive 
strategic  threats  requires  substantial  increases  in  power  as  well  as 
efficiency.  An  alternate  approach  to  increasing  the  power 
requirements  on  the  laser  is  to  shorten  the  wavelength,  thereby 
increasing  brightness.  Several  efforts  are  ongoing  to  address  this 
issue  ,  however  success  in  the  area  is  limited.  Among  the  potential 
candidates  for  a  shorter  wavelength  laser  is  the  overtone  chemical  laser  that  builds  directly  on  the  hydrogen 
fluoride  technology  base.  The  overtone  chemical  laser  uses  the  same  chemical  reaction  and  produces  the  same 
excited  populations  as  does  the  conventional  hydrogen  fluoride  laser.  It  differs  in  that  the  optics  employed 
suppress  lasing  at  2.8  micrometers  and  allow  lasing  at  1.33  micrometers,  Figure  1. 

1 1 .  Subsonic  Experiments 

Prior  to  this  development  under  the  Overtone  Chemical  Laser  Program,  overtone  lasing  had  been  observed  at  very 
low  levels  using  techniques  not  scalable  to  the  power  levels  necessary  for  the  envisioned  applications  . 
Overtone  lasing  has  been  observed  at  low  levels  in  other  laboratories  but  no  attempts  were  made  to  improve  the 
modest  performance  .  In  1984  a  Helios  CL-I  chemical  laser,  Figure  2,  demonstrated  approximately  10  watts  of 
laser  energy  at  approximately  1.33  micrometers.  Significantly,  this  level  represented  approximately  12*  of 
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the  corresponding  lasing  power  on  the  fundamental  transition.  Only  the  optics  were  changed  to  allow  the 
overtone  lasing.  Transmissive  optics  designed  for  Nd-VAG  applications  were  used  in  the  demonstration  test. 

The  device  illustrated  in  Figure  2  measures  15  centimeters  in  gain  length.  Improvements  were  made  in  the 
optics,  eventually  allowing  the  demonstration  of  21  of  the  fundamental  power  at  the  shorter  wavelength. 
Limited  scalability  of  the  concept  was  achieved  by  increasing  the  gain  length  to  30,  45,  and  finally  75 
centimeters  by  combining  individual  15  centimeter  modules.  Figure  3.  The  performance  of  these  devices  is 
summarized  in  Figure  4.  The  data  illustrated  in  Figure  4  suggests  an  upper  performance  limit  of  approximately 
30  of  the  fundamental.  Suppression  of  the  fundamental  lasing  in  the  longer  gain  length  devices  tended  to  be 
a  problem.  Techniques  of  multiple  mirror  resonator  designs  prevented  the  fundamental  wavelength  from 
achieving  lasing  threshold  by  multiple  reflections.  Figure  5  illustrates  the  four  mirror  design  used  in  the 
75  centimeter  device  experiments.  Representative  spectra  for  these  lasing  tests  are  illustrated  in  Figure  6. 


Gain  Length  (cm) 


Figure  4.  Subsonic  Device  Figure  5.  Four  Mirror 

Performance  Summary  Configuration 

The  multiple  optical  surfaces  required  to  suppress  the  fundamental  introduced  an  additional  source  of  loss  in 
the  cavity  design,  which  to  the  low  gain  overtone  laser  was  significant.  Subsonic  performance  was  improved  by 
the  introduction  of  a  new  nozzle  design  of  greater  flow  height,  optics/optical  coatings  specifically  designed 
to  suppress  the  fundamental  and  support  overtone  lasing,  and  hemispherical  calorimeters  designed  to  measure 
any  radiation  scattered  from  the  highly  reflective  mirror  surfaces.  This  improved  design  called  the  ZEB  laser 
has  demonstrated  55  of  the  fundamental  performance  at  overtone  power  levels  of  approximate! y  200  watts  or 
approximately  an  order  of  magnitude  power  scalability  with  a  doubling  of  the  efficiency. 
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Figure  6.  CL- I  Spectrum 
III.  Supersonic  Experiments 

The  subsonic  designs  do  not  lend  themselves  to  being  scalable  to  truly  high  power  levels  analogous  to  BDL, 
NACL,  MIRACL,  etc.  The  Overtone  Chemical  Laser  Development  Program  transitioned  into  scalable  supersonic 
chemical  laser  hardware  in  1986.  Tests  performed  at  TRW  demonstrated  overtone  performance  at  24-35%  of  the 
fundamental  using  two  chemical  laser  hardware  configurations,  the  Hypersonic  Wedge  Nozzle  (HWYN)  and  the 
Hypersonic  Low  Temperature  (HYLTE)  Nozzle  conceptual ly  illustrated  in  Figures  7  and  8.  A  companion  paper 
describes  these  laser  concepts  in  more  detail8.  The  reactants  used  were  nominally  deuterium,  fluorine, 
hydrogen  and  helium  as  a  diluent.  Mode  lengths  were  found  to  be  somewhat  shorter  than  for  the  fundamental  and 
the  lasing  spectra  were  as  expected  from  the  Helios  experiments.  Figure  9.  The  resonator  configuration 
consisted  of  transmissive  Nd-YAG  mirrors  as  in  the  initial  Helios  subsonic  tests. 


Figure  7.  HYWN  Nozzle 


Figure  8.  HYLTE  Nozzle 


Figure  10.  ZEBRA  Nozzle 
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The  success  of  these  first  supersonic  experiments  was  somewhat  misleading  as  to  the  true  understanding  of  the 
overtone  chemical  laser  concept.  This  fact  was  dramatically  illustrated  in  the  failure  to  demonstrate  the 
scalability  to  higher  power  levels  using  larger  nozzle  hardware,  ALPHA  Verification  Module  (VM).  To  scale  to 
higher  power  levels  the  more  conventional  closed  cavity  reflective  optics  were  used.  The  gain  length  of  the  VM 
was  such  that  the  reflectivity  suppression  of  the  first  generation  optical  coatings  was  inadequate  to  prevent 
fundamental  lasing.  The  initial  tests  failed  due  to  inadequate  optical  discrimination  at  the  low  fundamental 
rotational  transitions.  Improvements  were  made  in  coating  design  that  achieved  complete  suppression  of  the 
fundamental  transitions  and  allowed  the  demonstration  of  overtone  performance  at  251  of  the  fundamental  at  a 
total  power  level  of  approximately  4  kilowatts.  However,  these  results  were  limited  by  repeated  optical 
coating  failure  at  flux  levels  greater  than  30  kw/cm  ?  fhe  following  section  will  discuss  the  optical  coating 
development  in  more  detail.  These  VM  tests  did  provide  a  much  better  understanding  of  the  difficulties  in  the 
design  of  optical  coatings  highly  reflective  at  one  wavelength,  totally  absorbing  in  another,  and  having  a 
characteristic  damage  threshold  sufficiently  high  to  support  high  power  lasing. 

Differences  in  mode  lengths  between  the  overtone  and  fundamental  lasing  indicated  that  the  optimum  overtone 
nozzle  design  would  not  necessarily  be  identical  to  that  for  the  fundamental  laser.  All  supersonic  lasing 
tests  to  this  point  had  been  run  using  existing  hardware  residual  from  previous  chemical  laser  technology 
development  programs  that  addressed  fundamental  lasing.  The  ZEBRA  nozzle,  Figure  10,  was  designed,  fabricated 
and  tested  to  better  understand  the  geometric  influences  of  the  HVWN  nozzle  on  overtone  lasing.  This 
hardware,  along  with  redesigned  optics  and  resonator  configuration  demonstrated  overtone  lasing  at  56  of  the 
fundamental  at  a  total  power  level  in  excess  of  4  kilowatts.  The  overtone  lasing  spectrum  is  again  simple  as 
compared  to  the  transition  rich  fundamental.  Figure  11  provides  a  chronological  summary  of  the  overtone 
performance  to  date. 


1984  1985  1986  1987  1988  1989 


Figure  11.  Overtone  Lasing  Performance  Summary 


Optics/Optical  Coating  Development 


The  development  of  unique  optical  coatings  has  proven  to  be  critical  to  the  current  success  of  the  overtone 
chemical  laser  development  and  will  likely  continue  to  be  a  critical  component.  Initially  the  role  of  the 
optical  coating  was  not  totally  appreciated  or  understood.  Several  iterations  in  the  development  of 
successful  coatings  have  been  necessary  to  support  overtone  lasing  at  the  current  levels.  It  was  understood 
that  coatings  must  be  developed  that  were  highly  reflective  to  the  overtone  transition  and  nearly  totally 
absorbing  to  the  fundamenta 1 .  These  coatings  had  to  be  such  that  the  absorbed  energy  was  transmitted 
efficiently  to  the  cooled  mirror  substrate  and  also  withstand  relatively  high  power  fluxes.  What  was  not 
initially  appreciated  was  the  wavelength  band  over  which  the  fundamental  lasing  had  to  be  suppressed.  An 
error  was  made  in  the  specification  of  the  coating  characteristics  for  the  early  Verification  Module  tests. 
Fundamental  lasing  typically  occurred  at  wavelengths  from  2.7  to  2.9  micrometers  in  this  hardware.  The 
coatings  developed  adequately  suppressed  lasing  in  this  band.  However,  this  suppression  caused  the  ]asing 
process  to  occur  at  shorter  wavelengths,  approximately  2.6  micrometers,  on  lasing  transitions  not  normally 
observed.  The  optical  coating  developed  and  used  in  these  early  tests  had  sufficient  reflectively  in  this 
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region  to  allow  inefficient  fundamental  lasing  to  occur.  Subsequent  developments  in  the  optical  coatings  for 
tne  overtone  chemical  laser  progressed  to  the  point  of  approximately  0.32  reflectivity  over  the  entire 
fundamental  lasing  band  and  highly  reflective  in  the  overtone  lasing  band.  Figure  12  summarizes  the 
development  in  optical  coatings  and  illustrates  performance  of  current  designs.  Typical  designs  are 
multi-layer  stacks  of  approximately  twenty-five  layers.  Typical  stack  materials  are  ZnS,  ThF^,  and  S i 0 . 
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Figure  12.  Overtone  Lasing  Ontics  Summary 
V.  Conclusions 

The  successful  high  performance  short-wavelength  chemical  laser  has  proven  to  be  quite  elusive.  To  date  only 
two  candidates  stand  out  in  their  demonstrated  laser  performance,  both  lasing  at  approximately  1.3 
micrometers.  The  successful  chemical  oxygen-iodine  laser  (COIL)  has  characteristics  undesirable  for  certain 
applications,  making  the  overtone  chemical  laser  more  preferred  though  not  without  reservation. 

The  overtone  chemical  laser  development  has  demonstrated  rapid  improvement  over  the  past  four  years.  Much  of 
the  technology  development  to  date  has  concentrated  on  optics  development  to  support  the  concept.  Even  though 
the  currently  demonstrated  performance  is  promising,  the  overall  performance  levels  must  continue  this 
improvement,  both  in  efficiency  of  performance  as  well  as  scalability  for  the  concept  to  be  a  viable 
alternative  to  other  more  mature  technologies. 
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Abstract 

An  iodine  laser  oscillator  with 
t-C4FgI  as  the  active  material  was  pumped 
by  a  XeCl  laser  at  an  improved  efficiency 
(3.75  percent).  The  oscillator  is  suitable  for 
the  highly  repetitive  master  oscillator  of  a 
MOPA  system. 

I.  Introduction 

Since  the  atomic  iodine 
photodissociation  laser  was  discovered  by 
Kasper  and  Pimentel  in  1964  [1],  numerous 
research  efforts  have  concentrated  on  this 
laser  to  increase  the  power  level  needed 
for  laser  fusion  [2, 3].  The  fusion- 
experiment-oriented  iodine  laser  is 
constructed  in  a  master-oscillator  power- 
amplifier  (MOPA)  architecture  [4].  The 
amplifiers  and  the  oscillator  of  the  iodine 
laser  are  usually  pumped  by  short  pulse 
flashlamps. 

The  iodine  laser  is  also  being 
considered  as  a  direct  solar-pumped  laser 
for  space  applications,  such  as  the  space 
power  transmission  and  the  laser 
ropulsion  for  an  orbital  transfer  vehicle, 
he  first  solar-simulator-pumped  iodine 
laser  was  reported  in  1981  by  Lee,  et  al.  [5]. 
This  laser  was  operated  in  quasi- 
continuous-wave  mode.  After  this  report, 
various  iodine  compounds  were  tested  and 
evaluated  as  candidates  for  direct  solar- 
pumped  laser  materials.  [6,  7,  8]. 

Although  many  space  applications 
are  best  served  by  a  continuous  wave 
(CW)  laser,  a  continuously  pulsed,  high- 
peak  power  laser  also  has  good 
applicability  in  space,  especially  for  laser 
propulsion.  Since  the  solar  radiation,  even 
concentrated,  is  relatively  weak,  the  solar- 
pumped  laser  system  must  be  in  a  MOPA 


system  for  obtaining  high  peak  power  and 
tne  beam  profile  control.  Especially,  the 
long  upper-state  lifetime  (~  150  ms)  of  an 
iodine  atoms  makes  the  MOPA  system  to 
be  well  suitable.  In  previous  research,  the 
feasibility  of  the  oscillator-amplifier 
scheme  was  favorably  evaluated  for  the 
solar-pumped  iodine  laser  [7,  9]. 

The  iodine  laser  oscillator  must 
generate  temporally  smooth  and  short 
pulses  in  order  to  be  incorporated  in  the 
MOPA  system.  In  the  fusion-oriented 
iodine  laser  experiment,  the  short  pulse  is 
provided  by  mode-locking  of  the 
flashlamp-pumped  oscillator.  However, 
the  repetition  rate  of  the  flashlamp- 
pumped  oscillator  is  usually  very  low 
(<5Hz),  and  the  mode-locking  devices  are 
generally  complicated. 

An  excimer  laser-pumped  iodine 
laser  oscillator  was  demonstrated  by  Fill  et 
al.  [10].  In  their  experiment,  a  500-mJ 
excimer  laser  was  used  for  pumping  an 
iodine  laser,  and  a  temporally  smooth 
laser  pulse  with  duration  from  2.6  ns  to 
12  ns  was  obtained  by  using  i-C,F-T  as  the 
laser  material.  However,  tne  efficiency  of 
the  system  was  very  low,  and  no  report  of 
its  application  to  a  MOPA  system  nas  been 
found  to  date. 

In  this  report,  a  XeCl-laser-pumped 
iodine  laser  oscillator  using  t-Q,F9I  is 
described.  This  laser  oscillator  nas  a  much 
higher  efficiency  and  a  lower  threshold 
pump  power  than  the  system  using  i-C3F7I. 
The  laser  output  energy  dependence  on 
the  gas-fill  pressures  and  on  the 
reflectances  of  the  output  mirrors  are 
measured  for  both  longitudinal  and 
transverse  pumping.  A  preliminary  result 
of  its  application  to  a  solar-pumped  MOPA 
system  is  also  presented. 
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II.  XeCl  Excimer  Laser 

A  laboratory-built  XeCl  laser  was  used 
for  the  pumping  of  the  iodine  laser  in  this 
experiment.  The  electrical  circuit  of  the 
XeCl  laser  is  shown  in  Fig.  1.  The  main 
discharge  was  energized  by  a  two-stage 
Marx  generator.  Tne  capacitance  of  each 
stage  is  40  nF.  A  pyrex  tube  with  an  I.D.  of 
10  cm  and  a  length  of  66  cm  was  used  as 
the  laser  chamber.  The  two  brass 
electrodes  were  rounded  in  order  to 
prevent  development  of  arc  discharges  in 
the  chamber.  The  width  of  the  electrodes 
was  2  cm,  and  the  length  was  about  45  cm. 


The  separation  between  the  two  electrodes 
was  2  cm.  Seventeen  pairs  of  spark  arrays 
were  located  beside  tne  electrodes  so  that 
the  discharge  volume  could  be  uv- 
preionized  uniformly. 

The  optimized  gas  composition  was 
HC1:  Xe:  Ar:  He  =  0.2:  5.9:  19.5:  74.4%  at  a 
total  pressure  of  2  atm.  The  addition  of  Ar 
improved  the  discharge  uniformity  at  the 
higher  operating  voltage.  The  XeCl  laser 
was  operated  in  a  sealed-off  mode.  No 
significant  reduction  of  the  laser  output 
energy  was  shown  for  a  few  hundred 
discharges. 


high  voltage  500K  300K 


Fig.  1.  Electrical  circuit  diagram  of  the  XeCl  laser. 


The  optical  resonator  of  the  XeCl 
laser  was  composed  of  a  full  reflector  with 
a  radius  of  curvature  of  5  m  and  a  flat 
partial  mirror  with  a  reflectance  of  30%.  All 
the  mirrors  were  coated  outside  so  that  the 
mirror  surfaces  could  not  be  damaged  by 
the  volatile  discharge  products.  The  two 
laser  mirrors  were  separated  about  75  cm. 
A  spatially  uniform  laser  output  in  a  cross 
section  of  0.7  x  2  cm2  was  obtained  with  the 
optical  resonator. 

The  XeCl  laser  was  operated  with  the 
charging  voltage  of  25  kV,  and  the  output 
energy  of  80-mJ  per  pulse  was  measured. 
When  the  charging  voltage  was  increased 
further,  the  laser  output  was  also 
increased,  but  an  arc  discharge  was 
developed  between  the  electrodes.  Thus, 
operation  above  25  kV  was  not  pursued. 

The  output  energy  was  measured  with 
a  calorimeter.  The  output  pulse  shape  of 
the  laser  output  was  monitored  with  a  Si 


PIN  photodiode  with  the  glass  window 
removed.  The  removal  or  the  glass  window 
improved  the  near  UV  response  of  the 
diode.  A  typical  laser  pulse  is  shown  in 
Fig.  2.  The  naif  width  (FWHM)  of  the  XeCl 
laser  pulse  was  about  25  nsec,  and  no 
significant  variation  of  the  laser  pulse 
shape  was  found  for  prolonged  operation. 


50ns/div. 


Fig.  2.  A  typical  pulse  shape  of  the 
XeCl  laser  output. 
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III.  Iodine  Laser  Oscillator 

The  iodide  used  on  the  laser  medium 
was  perfluoro-tertiary-butyl  iodide 
(t-C4F9I).  This  chemical  was  chosen  mainly 
due  to  the  high  absorption  cross  section  at 
the  wavelength  of  XeCl  laser  light  (308  nm). 
The  published  data  show  that  the 
absorption  cross  section  of  t-C4F9I  at  308 
nm  is  about  3.6  x  10'19  cm2  [7].  Also, 
t-C4F9I  has  shown  good  chemical 
reversibility  in  a  flashlamp-pumped 
system  [6,  7],  and  thus  the  iodine  molecule 
buildup  in  the  laser  cell  is  minimized.  The 
main  disadvantage  of  this  iodide  is  the  low 
vapor  pressure  (~  85  torr)  at  room 
temperature.  The  other  chemical  kinetic 
properties  are  nearly  the  same  or  better 
than  the  other  commonly  used 
perfluoroalkyl  iodide  in  flashlamp- 
pumped  experiment  [7].  The  quantum 
yield  of  excited  atomic  iodine  in  the  UV 
photodissociation  is  nearly  unity  [11]. 

A  quartz  cuvette  with  a  square  cross 
section  of  1  cm2  and  a  length  of  5  cm  was 
used  as  the  iodine  laser  cell.  The  windows 
of  the  laser  cell  were  nearly  perpendicular 
to  the  optic  axis  of  the  laser  cell.  Both 
longitudinal  and  transverse  pumping  of 
the  iodine  laser  were  employed. 

For  the  longitudinal  pumping,  a 
dichroic  mirror  was  used  to  introduce  the 
XeCl  laser  light  into  the  iodine  laser  cell. 
The  dichroic  mirror  transmitted  about  80% 
of  the  XeCl  laser  light  and  fully  reflected 
the  iodine  laser  light.  The  XeCl  laser  light 
was  directed  through  the  dichroic  mirror 
and  was  focussed  into  the  center  of  the 
laser  cell  by  a  quartz  circular  lens  with  a 
focal  length  of  20  cm.  The  output  pattern 
of  the  iodine  laser  was  monitored  on  a 
carbon-paraffin  paper.  A  typical  laser 
output  pattern  was  an  ellipse  with  minor 
diameter  1  mm  and  major  diameter  4  mm 
when  the  gas  pressure  in  the  cell  was  80 
torr  and  the  reflectance  of  the  output 
mirror  was  85%. 

For  the  transverse  pumping,  a  quartz 
cylindrical  lens  with  a  focal  length  of  30  cm 
was  used  to  focus  the  XeCl  laser  light  into 
the  iodine  laser  cell.  Because  of  the  long 
focal  length  of  the  focussing  lens,  the  laser 
output  pattern  was  a  long  rectangle  with  an 
area  of  1  x  10  mm2. 

The  TEM  mode  pattern  was  not 


analyzed  in  either  experiment,  and  no 
attempt  was  made  to  operate  the  iodine 
laser  m  the  TEM00  mode.  The  output 
energy  dependences  on  the  gas  fill 
pressure  at  different  output  mirror 
reflectances  are  shown  in  Figs.  3  and  4. 


Fig.  3.  Iodine  laser  output  dependence  on  the 
gas  fill  pressure  in  the  laser  cell  at 
each  output  mirror  reflectance  when  the 
iodine  laser  was  pumped  longitudinally. 


Fig.  4.  Iodine  laser  output  energy  dependence  on 
the  gas  fill  pressure  when  the  iodine 
laser  was  pumped  transversely. 


As  shown  in  Fig.  3,  there  is  an  optimum 
iodide  pressure  for  each  output  mirror 
reflectance  for  the  longitudinal  pumping. 
However,  for  the  transverse  pumping,  the 
laser  output  energy  increases 
monotomcally  witn  the  t-C4F9I  pressure  as 
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shown  in  Fig.  4.  The  results  in  Figs.  3  and  4 
were  taken  when  the  laser  was  operated  at 
2-Hz  repetition  rate.  When  the  pulse 
repetition  rate  was  increased  to  5  Hz,  the 
laser  output  energy  per  pulse  was  reduced 
slightly  (~  10%)  due  to  the  reduction  of  the 
XeCl  laser  pump  energy. 

A  typical  pulse  shape  of  the  iodine 
laser  monitored  by  a  pyroelectric  detector 
is  shown  in  Fig.  5.  The  half  width  (FWHM) 
of  the  pulse  is  about  25  nsec.  The  iodine 
laser  onset  is  delayed  from  the  XeCl  pump 
la^er  and  occurs  at  the  end  of  the  pump 
pulse.  This  pulse  shape  is  nearly  the  same 
tor  both  pumping  geometries. 


rate  can  be  made  by  scaling  up  the  pump 
laser  system  (laser  systems  operable  at 
100  Hz  are  commercially  available).  The 
iodine  laser  was  operated  in  a  sealed-off 
mode  with  no  significant  reduction  of  the 
laser  output  energy  for  a  few  hundred 
pumpings.  There  was  also  no  noticeable 
color  change  in  the  t-CXF9I  gas  after  a  few 
hundred  pumpings  ana  no  deposits  on  the 
wall  of  the  laser  cell  (in  strong  contrast  to 
the  report  of  Ref.  10  where 
i-C3F7I  was  used).  This  may  be  attributable 
to  tne  superior  chemical  reversibility  of  the 
iodide  used. 


XeCl  laser 


iodine  laser 


50ns/div. 


Fig.  5.  A  typical  iodine  laser  output  oulse 
shape  compared  with  the  XeCl  pumping 
laser  pulse. 


IV.  Discussion 

In  this  experiment,  a  XeCl-laser 
pumped  iodine  laser  was  developed  and 
tested  by  using  t-C4F9I  as  the  laser 
material.  This  lasant  t-C4F9I  has  larger 
absorption  cross  section  at  the  XeCl  laser 
line  compared  with  other  iodides  used  in 
the  laser  experiment,  such  as  i-C3F7I. 

The  large  absorption  cross  section 
allows  the  high  utilization  of  pumping 
energy  in  short  gain  length  and  low 
pressure  operation  of  the  iodine  laser.  The 
low-pressure  operation  of  the  iodine  laser 
is  suitable  for  single  longitudinal  mode 
output  because  of  the  reduced  pressure 
broadening  of  the  gain  profile.  The  single¬ 
longitudinal  mode  operation  of  the  laser 
oscillator  is  necessary  to  obtain  a 
temporally  smooth  pulse. 

The  iodine  laser  described  in  this 
report  was  operated  up  to  5  Hz,  which  was 
limited  by  the  power  supply  of  the  XeCl 
laser.  Further  increases  of  the  repetition 


V.  Application  to  a  Solar-Pumped 

MOP  A  System 

The  amplification  experiment  of  a 
solar  simulator-pumped  iodine  laser 
amplifier  is  under  way  by  using  the  XeCl- 
laser  pumped  oscillator  as  shown  in 
Fig.  6.  The  Suprasil  cjuartz  amplifier  tube  is 
water  cooled  by  flowing  the  deionized 
water  through  the  Suprasil  water  jacket. 

The  amplifier  tube  and  the  arc  lamp  of  the 
solar  simulator  is  housed  in  a  elliptic 
reflector,  such  that  the  optical  radiation 
from  the  arc  lamp  can  be  focussed  into  the 
amplifier  tube.  The  amplifier  tube  has  a 
length  of  15  cm  and  the  diameter  2  cm. 

The  measured  spectral  irradiance  on 
the  inner  surface  of  tne  amplifier  tube  is 
about  1700-solar  constants  of  air  mass  zero 
solar  irradiance  for  300-A  arc  current.  The 
iodide  used  in  the  amplifier  is  n-C3F7I 
which  provides  high  vapor  pressure  at 
room  temperature.  The  fast  gas  flow 
through  tne  amplifier  tube  is  obtained  by 
adopting  evaporation  and  condensation 
method.  The  flow  velocity  of  the  iodide  gas 
could  be  reached  up  to  20  m/ sec  with  this 
method.  The  amplifier  system  was 
operated  previously  as  an  oscillator  and 
reported  in  Ref.  12.  For  the  present 
experiment,  the  system  is  operated 
similarly  after  removing  the  cavity  mirrors. 

The  preliminary  results  of  single-path 
amplication  indicate  that  an  amplication 
factor  of  >  1.5  is  obtainable  for  the  15-cm 
gain  length  at  a  high  repetition  rate. 
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solar  simulator  pumped 
iodine  laser  amplifier 


Fig.  6.  Solar  simulator  pumped  iodine  laser  MOPA  system  with  the  XeCl  laser  pumped 
iodine  laser  oscillator. 


VI.  Conclusion 

A  XeCl  laser  that  pumped  an  iodine 
laser  oscillator  was  developed  using 
t-C4F9I  as  the  laser  material,  and  a  3-mJ 
laser  output  energy  was  obtained  with  only 
80-mJ  pump  laser  energy.  Compared  with 
previously  reported  results  by  others,  the 
pumping  energy  was  significantly  reduced 
in  this  experiment.  The  pumping 
efficiency  (i.e.,  the  ratio  of  the  iodine  laser 
energy  to  the  XeCl  laser  energy)  was  3.75%. 
This  experiment  also  demonstrated  a 
repetitive  operation  of  the  iodine  laser 
oscillator  with  a  stable  output.  Since  the 
threshold  pumping  energy  (20  mj)  is  low 
for  t-C4F9I,  a  moderate  size  XeCl  laser  may 
suffice  for  pumping  the  high-repetition- 
rate  iodine-laser  oscillator  required  for 
high  power,  solar-pumped  MOPA  systems. 
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Abstract 

Sandia  National  Laboratories  has  been  investigating  reactor-pumped  gas  laser  systems  for  a 
the  relatively  long  excitation  time  scales  involved,  as  compared  to  more  conventional  pulsed  laf^rs-r.ea^tohr'Pu"1P^ 
offer  a  unique  opportunity  to  study  lasers  in  a  quasi-CW  environment.  At  Sandia,  we  have  e£ami ned  both  rare-gas  halogen 
systems  (eg.,  XeF)  and  rare-gas  atomic  systems  (e.g.,  Xe).  Our  data  indicate  that  the  XeF  system, 
efficiency  in  the  UV,  requires  pump  levels  difficult  to  achieve  with  current  reactors  (5-10  kW/cc  deposits A 
Conversely  the  atomic  xenon  laser  appears  to  peak  in  its  efficiency  at  much  lower  pump  levels  (<  100  W/cc)  We  have 
studied  the  xenon  laser  with  both  of  Sandia’s  pulsed  reactor  facilities  (SPR-III  and  ACRR),  resulting  in  a  very  wide  range  of 
pulse  widths  (02 -22  msec)  and  pumping  ratesPfrom  a  few  watts/cc  to  >  300  W/cc.  We  have  found  that  depending  on  the 
specific  gas  mixture  chosen  (He/Ar/Xe  or  Ar/Xe)  and  the  detailed  cavity  losses,  one  can  obtain  lasing  on  either  the  2.03-Mm 
line  of  xenon,  or  the  1.73-^m  line,  and  sometimes  on  both  simultaneously.  Energy  efficiencies  appear  to  be  in  the  2-3  %  range, 
with  instantaneous  (power)  efficiencies  approaching  6%.  Detailed  kinetic  mechanisms  for  the  xenon-rare  gas  system  are  not 
well  understood,  and studies  of  the  various  emitting  lines  under  extremes  of  energy  and  power  lo^l"S  are  expected  lo 
some  of  the  issues.  For  some  cases,  we  have  performed  a  Rigrod-type  analysis  of  the  xenon  laser,  and  fpl  nf  the 

gain,  distributed  loss  and  saturation  fluxd  Additionally,  we  have  performed  some  me; asurements  on the  spatial  prof  le  of  the 
laser,  and  will  summarize  those  results,  which  indicate  multi-mode  behavior  as  well  as  some  impact  of  the  refractive  index 
variation  on  the  laser. 
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Abstract 


TREAT  (Transient  Reactor  Test  Facility)  is  a  large,  air-cooled  test  facility  located  at 
the  Idaho  National  Engineering  Laboratory  (INEL) .  This  facility  was  originally  designed  to 
evaluate  reactor  fuels  and  structural  materials  under  conditions  simulating  various  types 
of  nuclear  excursions  and  transient  undercooling  situations.  However,  for  several  reasons, 
it  lends  itself  well  to  supporting  a  variety  of  nuclear  laser  experiments.  Two  of  the 
major  design  features  of  TREAT  —  its  large  size  and  its  being  an  air-cooled  reactor  — 
provide  the  clues  to  both  its  advantages  and  disadvantages  for  supporting  nuclear  laser 
experiments.  Its  large  size,  which  is  dictated  by  the  dilute  uranium/graphite  fuel, 
permits  accommodation  of  geometrically  large  experiments.  However,  TREAT'S  large  size  also 
results  in  relatively  long  transients  so  that  the  energy  deposited  in  an  experiment  is 
large  relative  to  the  peak  power  available  from  the  reactor.  TREAT'S  air-cooling  mode  of 
operation  allows  its  configuration  to  be  changed  fairly  readily.  Not  only  can  individual 
fuel  elements  be  removed  to  admit  a  large  test  article  but,  perhaps  more  importantly, 
special  slotted  elements  can  be  installed  in  line  with  removable  shield  plugs  to  provide 
line-of-sight  access  through  the  reactor.  For  the  same  reason  —  air  cooling  —  the 
reactor  cools  down  slowly,  permitting  only  one  full  power  transient  a  day  which  can  be  a 
disadvantage  in  some  experimental  programs.  In  addition,  the  reactor  is  capable  of  both 
steady-state  or  transient  operation. 


Introduction 

A  major  concern  in  most  nuclear  powered  laser  programs  is  the  threshold  power  required 
to  drive  the  system.  A  second,  no  less  important,  concern  is  the  scalability  of  the  data 
from  the  experimental  program  to  the  typically  larger  scale  of  the  deployed  laser  system. 
The  first  concern  requires  that  any  nuclear  powered  laser  experiment  be  performed  in  a 
facility  large  enough  to  adequately  drive  the  laser  system.  The  second  concern  makes  it 
extremely  advantageous  for  any  nuclear  powered  laser  experiment  to  be  performed  in  an 
experimental  environment  which  lends  itself  to  addressing  the  scalability  issues  as  exten¬ 
sively  as  practical.  At  the  INEL,  this  has  led  to  the  use  of  an  extremely  unique  facility 
for  performing  nuclear  powered  laser  experiments.  This  facility,  the  Transient  Reactor 
Test  Facility  (TREAT) ,  is  a  large  air-cooled,  thermal  test  facility  located  at  the  Argonne 
National  Laboratory-West  (ANL-West)  site  within  the  INEL.  This  facility  was  originally 
designed  to  evaluate  reactor  fuels  and  structural  materials  under  conditions  simulating 
various  types  of  nuclear  excursions  and  transient  undercooling  situations.  The  TREAT 
reactor  is  capable  of  both  steady-state  operation  to  120  kW  or  transient  operation  with 
integrated  powers  up  to  2100  MJ  and  peak  powers  as  high  as  16,000  MW.  For  the  past  three 
and  one-half  years,  the  TREAT  facility  has  also  been  used  to  support  various  Strategic 
Defense  Initiative  (SDI) -related  activities.  Three  major  nuclear  powered  laser  test 
programs  have  been  successfully  conducted  in  the  TREAT  reactor  during  these  last  three 
years.  A  fourth  is  planned  for  next  calendar  year. 

Two  of  the  major  design  features  of  TREAT  —  its  large  size  and  its  being  an  air-cooled 
reactor  —  provide  the  clues  to  both  its  advantages  and  disadvantages  for  supporting 
nuclear  laser  experiments.  Its  large  size  permits  accommodation  of  geometrically  large 
experiments.  But  its  size  also  results  in  a  large  amount  of  energy  being  deposited  in  an 
experiment  relative  to  the  peak  power  available  from  the  reactor.  Another  advantage  to  a 
nuclear  laser  program  is  TREAT'S  air-cooling  mode  of  operation,  which  allows  its  config¬ 
uration  to  be  changed  fairly  readily.  Not  only  can  individual  fuel  elements  be  removed  to 
admit  a  large  test  article  but,  perhaps  more  importantly,  special  slotted  elements  can  be 
installed  in  line  with  removable  shield  plugs  to  provide  line-of-sight  access  through  the 
reactor.  For  the  same  reason  —  air  cooling  —  the  reactor  cools  down  slowly,  permitting 
only  one  full  power  transient  a  day.  This  slow  repetition  rate  may  be  a  disadvantage  in 
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some  experimental  programs.  Figure  1  shows  a  cutaway  view  of  the  TREAT  reactor  with  a 
typical  nuclear  laser  experiment  inscalled  in  the  core. 


Description  of  the  TREAT  Facility 

The  INEL  is  in  southeastern  Idaho  as  shown  on  Figure  2.  TREAT  is  located  approximately 
17.7  km  from  the  INEL  eastern  boundary  and  6.4  km  north  of  U.S.  Highway  20  (see  Figure  3). 
The  TREAT  complex  is  comprised  of  reactor  and  control  buildings  located  approximately  762  m 
apart.  The  topography  of  the  region  permits  an  unobstructed  view  between  the  two 
buildings . 

The  Reactor  Building  is  an  aluminum-sided,  steel-frame  structure  which  features  two 
high-bay  sections  and  two  low-bay  sections.  The  south  high-bay  section  contains  the 
reactor,  an  instrument  room,  and  various  assembly  and  storage  areas  for  both  the  reactor 
and  experimental  hardware.  The  north  high  bay  contains  reactor  fuel  storage  and  some  exper¬ 
iment  storage  holes  underground,  where  radioactive  spent  experiments  can  be  stored  for 

cooldown.  Two  bridge  cranes  provide  coverage  of  the  reactor  top,  work  areas  north  and 
south  of  the  reactor,  and  the  reactor  fuel  and  experiment  storage  areas.  The  west  low  bay 
area  contains  a  health  physics  laboratory,  washrooms,  an  instrument  and  control  room,  an 
instrument  shop,  an  experimenter's  room,  and  the  suspect  waste  tank  room.  The  east  low-bay 
areas  include  equipment  storage  areas,  the  hodoscope  instrument  room,  a  mechanical  shop,  an 
electrical  equipment  room,  and  a  diesel  generator  room.  The  Reactor  Building  also  includes 
two  mezzanine  areas:  the  lower  mezzanine  which  is  at  the  same  elevation  as  the  top  of  the 
reactor  biological  shield  and  the  upper  mezzanine  which  is  somewhat  higher. 

The  TREAT  reactor  is  operated  from  the  Control  Building.  The  Control  Building  is  a 

prefabricated,  modular  building  containing  a  control  console  and  various  support  areas. 
Neutron  detector  signals  are  amplified  in  the  Reactor  Building  and  transmitted,  via  under¬ 
ground  cables,  to  the  Control  Building.  Control  signals  from  the  control  console  are 

returned  via  underground  cables. 

The  major  design  features  and  operating  characteristics  of  TREAT  are  summarized  in  Table 
1.  The  standard  TREAT  fuel  assembly  consists  of  an  upper  and  lower  graphite  reflector 
section,  and  a  central  uranium  oxide-bearing  graphite  fuel  section.  The  1.22-m  long  fuel 
section  contains  six  fuel  blocks  canned  in  Zircaloy-3.  The  upper  and  lower  reflector 
sections  are  contained  in  aluminum  cans  which  are  riveted  to  the  ends  of  the  fuel  section. 
A  gripping  fixture  and  a  support  and  alignment  pin  complete  the  fuel  assembly.  The 
complete  fuel  assembly  is  slightly  under  2.74  m  long.  It  has  a  nominal  cross  section  of 
10.06  x  10.06  cm  with  1.59-cm  chamfered  corners.  The  chamfered  corners  permit  passage  of 
the  air  coolant.  The  total  assembly  weighs  43  kg. 

In  addition  to  the  standard  TREAT  fuel  assemblies,  there  are  numerous  modified 
assemblies  used  for  special  applications.  These  special  assemblies  include  dummy  fuel 
assemblies  (containing  pure  graphite),  slotted  fuel  assemblies  (with  the  center  0.61  m  of 
fuel  removed) ,  and  control-rod  fuel  assemblies  (with  the  center  machined  to  accommodate  the 
control  rod) . 

The  control  rods  themselves  are  carbon  steel  tubes  packed  with  compacted  boron  carbide 
(B4C)  powder.  There  are  currently  sixteen  control  rods  used  in  the  TREAT  core;  twelve 

are  shutdown  rods  and  four  are  transient  rods.  The  control-rod  drives  are  located  below 
the  reactor.  Two  types  of  drives  are  utilized.  The  shutdown  control-rod  drives  consist  of 
a  pneumatically-driven  fast  scram  cylinder  and  a  motor-driven  lead  screw  mechanism  for 
relatching  and  intermediate  positioning.  The  transient  rod  drives  are  hydraulically 
driven . 

The  individual  fuel  assemblies  which  make  up  the  TREAT  core  are  aligned  and  supported 
from  the  bottom  by  a  carbon  steel  grid  plate.  The  grid  plate  is  aligned  by  the  control-rod 
guide  thimbles  and  supported  by  a  concrete  ledge.  The  grid  plate  also  contains  a  square 
opening  centered  on  a  20 . 3-cm-diameter  hole  in  a  bottom  concrete  shield.  An  adapter  plate 
which  will  interface  with  a  variety  of  experimental  configurations  can  be  located  in  the 
center  of  this  grid  plate.  The  lower  coolant  plenum  chamber  of  the  reactor  is  formed  by 
the  grid  plate,  concrete  ledge,  and  the  bottom  concrete  shield. 

A  permanent  radial  reflector  is  made  up  of  graphite  blocks  stacked  along  the  four  inside 

walls  of  the  shield  cavity.  Large  movable  blocks  of  graphite  are  installed  in  regions 

which  face  viewing  slots  in  the  core. 

The  reactor  is  shielded  radially  with  high-density  concrete  encased  in  steel  plate.  The 
bottom  concrete  shielding  forms  the  ceiling  of  the  subpile  room.  The  shielding  above  the 
reactor  is  comprised  of  removable  heavy  concrete  blocks  and  a  rotating  shield  plug 
consisting  of  three  10.16-cm  thick  layers  of  steel.  The  top  and  bottom  surfaces  of  the 
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TABLE  1.  DESIGN  and  OPERATING  PARAMETERS  for  TREAT  REACTOR 


Core 


Nominal  size  (210  fuel  assemblies) 
Maximum  size  (361  fuel  assemblies) 
U-235  loading  (nominal  core) 

Fuel  Assemblies 

Overall  dimensions 


Fuel  Section 

Configuration 

U02  content 
U-235  enrichment 


1.68  m  dia  pseudocylinder  x  1.22  m  high 
1.93  m  square  x  1.22  m  high 
7.45  kg 


10.058  cm  square  x  2.72  m  long, 

with  1.59-cm  chamfered  corners 


6  graphite-urania  blocks  clad  with 
0 . 0653-cm-thick  Zircaloy  3 
0.248  wt-% 

93 . 24% 


Graphite  Reflectors  (Top  and  Bottom 
Length 

Permanent  reflector 

Coolant 


Sections) 

0.61  m 

Graphite  (o.6l  m  thick,  minimum) 

Air  at  atmospheric  pressure  (0.09  MPa) 

and  ambient  temperature  (293-311  K) 


Control  Rod  Drives  (in  typical  core 
with  2  control  rods  per  drive) 

Maximum  Operating  Conditions 
Transient  —  type 
Integrated  power 
Peak  power 

Thermal  neutron  flux  level 
Fuel  temperature 

Steady  State 
Power  level 

Flux  data  in  central  void 
Neutron 


Gamma 


Six  pneumatic  operated  drives 
Two  hydraulic  operated  drives 


Unshaped 
2100  MJ 
16,000  MW 
0.5  to  1.3  x 
873  K 


1021  n/m2-s 


Shaped 
2060  MJ 
3850  MW 

873  K 


120  kW 


5.6  X  106  fissions/g  U-235-W-s 

5.0  x  106  nvt/W-s  (cross  section  =  440 

barns) 


22  r/hr/W 
6.0  x  103  r/MJ 


steel  slabs  are  coated  with  0.64-cm  thick  layers  of  boral  for  thermal -neutron  attenuation. 
The  top  layer  of  boral  is  covered  with  steel  safety  plate  which  serves  as  a  working  floor. 
The  shielding  is  adequate  to  allow  continuous  personnel  access  at  most  locations  around  the 
reactor  during  operations  at  120  kW  and  above  the  reactor  after  two  hours  of  reactor  cool¬ 
down  from  100  hours  of  continuous  operation  at  120  kW.  Shielding  of  personnel  during  tran¬ 
sient  operations  poses  no  problem,  since  these  operations  are  conducted  by  remote  control. 
Controlled  access  to  the  TREAT  reactor  building  is  generally  permitted  within  an  hour  after 
a  full  power  transient.  Access  to  certain  higher  dose  areas  (including  the  sub-pile  room, 
reactor  top  directly  over  an  opening  in  the  shielding,  etc.)  during  steady-state  operation 
and  following  transients  is  administratively  controlled  because  of  the  potential  for  higher 
radiation  exposures  to  personnel. 

Three  horizontal  access  slots  which  converge  on  the  core  center  are  provided  in  the 
radial  concrete  shield,  permanent  reflector,  and  core.  The  north  and  west  openings  in  the 
concrete  shield  are  convertible;  they  are  designed  to  provide  either  a  10.16-cm  x  10.16-cm 
rectangular  access  slot  or  a  60.96-cm  square  access  slot.  The  south  opening  in  the  con¬ 
crete  shield  provides  a  rectangular  slot  aligned  with  the  north  slot,  thereby  allowing 
strs  ght  through  access  to  the  reactor  center. 
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Requirements  for  a  Nuclear  Laser  Experiment 

Nuclear  powered  lasers  (NPLs)  derive  their  power  directly  from  the  reactor  (instead  of 
electricity) .  The  power  to  drive  them  is  thus  directly  related  to  the  neutron  flux  in  the 
reactor.  The  neutron  flux  level  within  the  test  bed  must  therefore  be  sufficient  to  "pump" 
the  laser  system  with  enough  power  to  reach  laser  action  threshold  as  a  minimum.  For 
excimer  lasers  that  value  is  quite  high  —  greater  than  a  few  hundred  kilowatts  per  cubic 
centimeter.  To  maximize  the  "pumping"  power  the  laser  must  be  located  directly  in  the 
region  of  highest  flux. 

Therefore,  the  first  requirement  for  a  NPL  is  that  the  reactor  must  have  sufficient  peak 
flux. 

Because  the  laser  must  operate  within  the  harsh  environment  of  a  reactor,  a  second 
requirement  is  for  optical  access  for  the  laser  diagnostics.  In  some  configurations,  this 
results  in  the  beam  being  propagated  some  distance  from  the  laser  cavity. 

In  a  nuclear  powered  experiment  the  safety  issue  associated  with  neutron  and  gamma  radi¬ 
ation  emanating  from  the  reactor  core  must  be  evaluated.  The  radiation  must  be  considered 
not  only  from  the  standpoint  of  personnel  exposure  but  also  for  its  impact  on  hardware 
design  and  lifetime. 

Although  a  relatively  small  active  volume  may  be  adequate  for  some  NPL  experiments,  the 
availability  of  a  large  laser  region  permits  certain  scaling  factors  to  be  addressed  more 
directly  than  possible  in  a  small  scale  experiment.  Thus  a  large  active  volume  is  desir¬ 
able  although  not  strictly  a  requirement. 

Advantages  of  Using  the  TREAT  Reactor  for  Nuclear  Laser  Experiments 

There  are  several  advantages  to  utilizing  the  TREAT  facility  for  nuclear  laser  exper¬ 
iments.  These  include:  (a)  its  large  size  which  allows  the  testing  of  large  experimental 
components,  (b)  its  flexibility  of  configuration  which  allows  a  large  variety  of  exper¬ 
imental  configurations  to  be  tested,  (c)  its  long  transients,  and  (d)  its  adequately  high 
peak  flux. 

As  previously  noted,  the  TREAT  reactor  core  consists  of  up  to  361  fuel  assemblies,  each 
10.1-cm  square  and  2.72-m  long.  All  TREAT  experiments  require  a  central  void  to  allow 
insertion  of  the  experiment  and  sixteen  control  rod  assemblies  for  transient  control.  A 
typical  TREAT  experiment  may  require  the  removal  of  one  to  three  TREAT  fuel  assemblies. 
The  remainder  of  the  fuel  assembly  positions  are  filled  with  either  standard  fuel  assem¬ 
blies,  slotted  fuel  assemblies,  or  dummy  graphite-filled  fuel  assemblies.  In  some  cases, 
the  central  void  will  itself  be  surrounded  by  dummy  graphite  elements  to  act  as  a  thermal 
insulator  and  to  enhance  the  thermal  neutron  flux  at  the  central  void  location.  As  shown 
in  Figure  4,  a  nuclear  laser  experiment  previously  performed  in  TREAT  required  that  three 
fuel  assemblies  be  removed  to  insert  the  experiment  and  twelve  more  assemblies  be  replaced 
by  dummy  graphite  elements.  This  brought  the  total  number  of  removed  fuel  assemblies  to 
fifteen.  Additional  core  configurations  will  be  discussed  in  the  "Enhancements  to  the 
TREAT  Reactor"  section  of  this  paper.  Numerous  core  physics  calculations  and  calibration 
transients  are  performed  for  each  specific  core  configuration  to  verify  that  a  sufficient 
excess  reactivity  (kex)  is  present  to  achieve  the  desired  peak  flux,  that  adequate 
reactor  control  is  available  to  safely  operate  the  reactor,  and  that  the  desired  operating 
characteristics  of  the  transient  are  obtained. 

Figure  5  shows  an  experiment  previously  performed  at  TREAT  in  which  the  experimental 
test  gas  entered  the  top  of  the  in-reactor  test  assembly  (hereafter  termed  the  test 
vehicle) ,  flowed  downward,  turned  and  flowed  horizontally  for  a  short  distance  at  the 
reactor  core  centerline,  turned  again  and  flowed  upward,  and  finally  exited  the  test 
vehicle.  The  laser  diagnostics  in  this  configuration  were  physically  located  on  top  of  the 
reactor  at  90°  to  the  vertical  centerline  of  the  test  vehicle.  They  were  installed  on  a 
multi-port  diagnostic  "tree"  which  allowed  multiple  diagnostics  for  any  single  transient. 
The  diagnostics  "viewed"  the  active  region  of  the  test  vehicle  through  suitable  windows 
which  constituted  the  test  vehicle  pressure  boundary.  The  diagnostics  were  interchange¬ 
able,  port-to-port ,  and  did  not  constitute  part  of  the  test  vehicle  pressure  boundary.  In 
this  configuration,  the  diagnostic  "viewing"  was  generally  along  the  same  path  as  the  gas 
flow  except  at  the  core  centerline  where  the  flow  was  horizontal.  The  total  "diagnostic 
viewing"  path  length  was  on  the  order  of  6.8  m  with  approximately  4.6  m  being  in  the 
flowing  gas  region  and  2.2  m  in  evacuated  viewing  tubes. 

Figure  6  shows  an  experiment  to  be  performed  at  TREAT  in  which  the  experimental  test  gas 
enters  the  top  of  the  test  vehicle,  flows  downward  through  the  test  vehicle,  and  then  exits 
from  the  bottom  of  the  test  vehicle.  In  this  configuration,  the  test  gas  flows  vertically 
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past  the  active  region  of  the  test  vehicle.  The  laser  diagnostics  in  this  configuration 
are  physically  located  on  the  main  floor  of  the  Reactor  Building  just  outside  of  the 
reactor's  biological  shielding.  This  configuration  uses  the  north  and  south  openings  in 
the  concrete  shield,  thereby  allowing  straight  through  access  of  the  reactor  so  that  the 
diagnostics  can  "view"  the  active  region  of  the  test  vehicle  horizontally  through  pressure 
boundary  windows.  As  a  result,  the  diagnostic  "viewing"  is  truly  perpendicular  to  the  gas 
flow  path.  The  path  length  for  this  horizontal  "diagnostic  viewing"  conf iguration  is  on 
the  order  of  7.9  m.  Although  this  is  a  slightly  longer  path  length  than  with  the  other 
configuration,  all  but  the  central  0.5  m  is  in  evacuated  viewing  tubes.  This  results  in 
potentially  less  distortion  and/or  signal  attenuation  than  present  in  the  other  config¬ 
uration.  As  can  be  seen  from  Figures  5  and  6,  the  interfaces  to  various  experimental 
sup  t  systems,  including  systems  supplying  experimental  gases  and  laser  diagnostic  equip¬ 
ment  .,  differ  significantly  for  different  experiments.  These  support  systems  can  be 
located  either  on  the  reactor  top  or  on  the  main  floor  of  the  Reactor  Building  depending  on 
the  configuration  of  the  experiment. 

Two  major  types  of  transients  are  of  primary  interest  in  any  nuclear  powered  laser 
program  to  be  performed  at  TREAT:  (a)  exponential  or  peaked  bursts  and  (b)  shaped  power 
bursts.  Figure  7  shows  the  reactor  power  and  energy  release  for  a  typical  exponential 
burst  transient.  The  thermal  neutron  flux  at  the  core  center  during  an  exponential  burst 
transient  is  typically  about  5  x  1CT°  neutrons-m'^-s"1.  This  flux  level  and  the 
width  of  the  burst  [typically  100  milliseconds  full  width  at  half  maximum  (FWHM)]  are  what 
makes  this  facility  so  unique  and  valuable  to  a  laser  test  program.  The  reactor  core  for 
the  exponential-burst  transient  shown  in  Figure  7  contains  223  standard  fuel  assemblies, 
sixteen  control-rod  assemblies,  and  a  dummy  experimental  capsule  in  the  central 
fuel-assembly  location.  Other  core  configurations  have  been  used  which  contained  as  many 
as  266  standard  fuel  assemblies,  sixteen  control-rod  assemblies,  and  an  experiment  void 
area  in  the  center  of  the  reactor  which  displaced  fifteen  fuel  assemblies.  In  a  true 
exponential  burst  transient,  shut-down  is  effected  by  the  increase  in  leakage  of  the 
reactor  as  a  result  of  its  increased  temperature.  Because  the  energy  in  the  tail  of  an 
exponential  transient  is  generally  not  useful,  the  natural  burst  transients  are  frequently 
clipped  by  rapid  insertion  of  the  control  rods  during  the  power  rise.  Of  particular  value 
to  a  nuclear  powered  laser  program  is  the  FWHM  pulse  width  of  100  ms  for  the  exponential 
burst-type  transient  which,  compared  with  most  other  testing  facilities,  is  an  extremely 
long  pulse.  Therefore,  scalability  to  steady-state  conditions  (>  seconds)  is  a  more  easily 
attained  goal  for  a  nuclear  powered  laser  experiment  performed  in  TREAT  than  in  most  other 
facilities. 

The  shaped  power  bursts  (as  shown  in  Figure  8)  are  produced  by  the  step  insertion  of 
reactivity  (similar  to  the  exponential  bursts) ,  followed  by  reactivity  insertion  or  removal 
at  rates  required  to  produce  the  desired  burst  shape.  A  shaped  power  burst  of  this  type, 
providing  a  1000-MW  flattop  pulse  for  approximately  2  s,  was  utilized  for  a  nuclear  powered 
laser  experiment  at  TREAT.  The  thermal  neutron  flux  at  the  experiment  during  this  shaped 
power  burst  was  approximately  5  x  1019  neutrons-m-2-s-1 . 

Disadvantages  of  Using  the  TREAT  Reactor  for  Nuclear  Laser  Experiments 

Along  with  the  advantages  of  using  TREAT  to  support  nuclear  laser  experiments  there  are, 
unfortunately,  certain  disadvantages  associated  with  the  facility.  These  include: 
(a)  its  large  energy  deposition  relative  to  its  peak  power,  and  (b)  its  low  duty  cycle. 

TREAT'S  large  size  and  its  dilute  uranium  oxide-graphite  matrix  results  in  a  large 
amount  of  energy  being  deposited  in  the  reactor  core  and  in  an  experiment  relative  to  the 
peak  power  available  from  the  reactor  primarily  because  the  neutron  lifetime  is  greater  in 
this  fuel  mix  compared  to  most  other  pulse  reactors.  This  large  energy  deposition  can 
influence  the  design  of  an  experiment  placed  in  the  TREAT  reactor  in  many  ways.  For 
instance,  the  experiment  may  require  a  flowing  gas  system  to  minimize  any  temperature 
effects  in  the  test  gas.  The  structural  design  and  analyses,  materials,  and  construction 
techniques  applied  to  the  experimental  hardware  may  have  to  specifically  address  elevated 
temperature  effects.  Energy  deposition  from  the  fission  process  can  increase  gas 
temperatures  in  a  non-flowing  system  to  as  high  as  several  thousand  K.  The  thermodynamic 
and  laser  kinetic  stability  of  the  test  gas  can  be  significantly  affected  at  these  high 
temperatures.  On  the  other  hand,  the  gas  temperature  rise  in  a  flowing  system  may  only  be 
several  hundred  K.  The  addition  of  a  flowing  gas  delivery  system  significantly  adds  to  the 
complexity  of  the  experiment  and,  therefore,  to  its  cost.  However,  many  of  the  final 
applications  of  the  NPL  concept  will  require  a  flowing  gas  delivery  system  anyway. 
Therefore,  the  necessity  of  such  a  system  in  an  experimental  program  at  TREAT  can  be  an 
advantage  with  respect  to  future  applications  and  scalability. 

During  a  typical  full  power  TREAT  transient,  direct  nuclear  heating  from  the  reactor  can 
increase  the  test  vehicle's  temperature  by  as  much  as  25  K,  if  it  is  made  of  aluminum,  and 
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by  as  much  as  40  K,  if  it  is  made  of  stainless  steel.  This  increase  alone  is  not  exces¬ 
sive.  A  greater  concern  for  thermal  effects  on  experimental  hardware  is  the  slow  overall 
rate  of  heat  removal  from  the  core  by  the  air  cooling.  As  a  result  of  this  slow  heat 
removal,  the  temperature  of  the  reactor  core  equilibrates  at  approximately  700  K  before  it 
begins  to  cool.  Since  the  test  vehicle  resides  in  this  large  heat  source,  it  too  will 
increase  in  temperature  after  the  reactor  pulse  is  completed  unless  it  is  adequately  cooled 
and  insulated  from  the  reactor  heat  source.  All  heat  transfer  paths  must  be  well  analyzed 
to  make  certain  that  the  experimental  hardware  does  not  exceed  its  temperature  limitations 
during  this  posttest  period. 

This  slow  heat  removal  also  limits  the  number  of  full  power  transients  to  only  one  a 
day.  This  low  duty  cycle  can  be  a  disadvantage  in  some  experimental  programs  although  in 
complex  systems,  similar  to  those  previously  tested  at  TREAT,  the  reactor's  duty  cycle  is 
generally  not  the  critical  path  item  in  the  experiment's  schedule. 

Enhancements  to  the  TREAT  Reactor 

For  the  upcoming  TREAT  NPL  experiment  (see  Figure  6) ,  enhancing  the  reactor  performance 
beyond  its  baseline  operating  conditions  was  highly  desirable  in  order  to  improve  the  exper¬ 
iment’s  chances  of  success.  As  noted,  it  is  the  peak  power  and  not  integrated  power  that 
is  of  interest  to  most  NPL  experiments.  Ultimately,  it  is  the  power  deposited  into  the 
experiment  that  is  important;  this  is  related  to  the  total  reactor  power  by  the  power 
coupling  factor  (pcf) ,  defined  as  test  fission  power  per  gram  U-235  per  MW  of  TREAT  reactor 
power.  Thus,  there  are  two  ways  to  enhance  the  power  to  a  given  test:  (1)  increase  the 
TREAT  reactor  power  and  (2)  increase  the  pcf. 

The  obvious  way  to  enhance  the  power  to  a  given  test  is  to  increase  the  TREAT  reactor 
power.  The  initiating  reactivity  for  a  natural  burst  transient  is  the  parameter  that 
governs  the  peak  power.  In  most  cases  in  TREAT,  the  initiating  reactivity  must  be  held 
below  the  available  reactivity,  thus  limiting  the  peak  power,  in  order  to  assure  that  the 
final  reactor  fuel  temperature  does  not  exceed  specified  safety  limits.  The  peak  power 
scales  with  the  square  of  the  initiating  reactivity  while  the  final  reactor  fuel  temper¬ 
ature  is  linear  with  the  initiating  reactivity.  This  opens  the  possibility  of  obtaining 
significantly  higher  peak  powers  in  TREAT  by  modest  increases  of  the  allowable  reactor  fuel 
temperature.  At  the  present  time,  transients  are  limited  such  that  a  final  temperature  of 
723  to  773  K  is  obtained  with  a  transient  of  16,000  MW,  while  the  actual  safety  limit  is 
1093  K  (a  high  degree  of  conservatism) .  For  example,  a  recent  full  power  transient  had  a 
final  temperature  of  733  K.  The  power  could  be  doubled  if  the  final  temperature  were 
allowed  to  be  increased  to  1023  K,  which  is  still  below  the  safety  limit.  Enhancing  the 
peak  power  of  the  reactor  and  thus  increasing  the  power  to  the  experiment  by  approaching 
the  temperature  safety  limit  is  technically  feasible,  but  it  may  not  be  practical  in 
today's  reactor  operations  environment.  At  a  minimum,  it  would  require  a  great  deal  of 
safety  analyses  and  administrative  approvals. 

The  power  to  an  experiment  can  be  increased  without  increasing  the  reactor  power  by 
increasing  the  pcf.  The  pcf  is  influenced  by  both  the  material  and  geometrical  composition 
of  the  experiment.  For  a  typical  TREAT  experiment  involving  fuel  pins  or  large  loops,  the 
pcf  will  be  much  lower  than  the  baseline  value  (as  determined  in  a  voided  fuel  element 
location  in  the  center  of  the  core)  because  significant  amounts  of  structural  materials 
(typically  stairless  steel)  are  necessary  to  provide  containment  of  the  fuel.  However,  the 
same  level  of  containment  is  not  needed  for  NPL  experiments  because  of  the  small  amounts  of 
fissile  material  involved.  Thus,  aluminum  or  Zircaloy  become  viable  as  containment 
materials  and  pcf  values  approaching  the  void  value  are  easily  attained. 

The  TREAT  neutron  spectrum  is  not  well  thermalized.  Thus,  introducing  a  neutron  moder¬ 
ator  to  an  experiment  can  produce  fairly  significant  increases  in  the  pcf.  For  example,  if 
stainless  steel  is  needed  as  an  experiment  containment  (thereby  severely  depressing  the 
pcf) ,  an  increase  in  the  pcf  of  over  200%  is  possible  by  surrounding  the  test  hardware  with 
a  3.6-cm  layer  of  polyethylene  (inside  the  containment).  With  an  aluminum  containment,  the 
increase  is  only  70%.  A  disadvantage  of  using  a  hydrogenous  material  is  that  hydrogen  is  a 
reactivity  poison  in  TREAT.  For  tests  in  which  excess  reactivity  is  marginal,  graphite  can 
be  used  instead  of  hydrogen  as  a  moderator. 

An  example  of  the  enhancement  of  the  pcf  is  provided  in  the  design  change  which  was  made 
for  the  upcoming  (FY-1989)  TREAT  NPL  experiment.  Originally,  the  configuration  for  the 
FY- 19  89  TREAT  NPL  experiment  was  as  shown  in  Figure  9.  This  original  rectangular  config¬ 
uration  was  developed  to  minimize  the  amount  of  fuel  removed  from  the  center  of  the  reactor 
in  order  to  maintain  an  acceptable  amount  of  excess  reactivity  for  reactor  operations.  As 
shown  on  the  left  side  of  Figure  10,  this  configuration  required  the  removal  of  seven  fuel 
assemblies  for  the  test  vehicle  and  the  replacement  of  twelve  full  fuel  assemblies  with 
slotted  fuel  assemblies  for  viewing  access.  In  addition,  fourteen  fuel  assemblies  were 
replaced  with  dummy  graphite-filled  fuel  assemblies  to  act  as  a  thermal  buffer.  This  rectan- 
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gular  eonr lquration  required  thick,  flat  plate  walls  which  were  not  only  difficult  to 
fabricate  and  assemble  to  strict  tolerances  but  also  significantly  lowered  the  pcf. 

Detailed  nuclear  analyses  of  this  configuration  revealed  two  things.  The  excess  reac¬ 
tivity  available  was  significantly  greater  than  the  allowable  pulse  initiating  reactivity. 
Furthermore,  the  replacement  of  fuel  assemblies  with  dummy  graphite-filled  fuel  assemblies 
enhanced  the  power  to  the  experiment  by  increasing  the  pcf.  This  led  us  to  explore  whether 
adequate  excess  reactivity  could  be  maintained  while  moving  fuel  from  a  higher  reactivity 
value  region  to  a  lower  reactivity  value  region.  It  would  be  possible  to  insert  a  cylin¬ 
drical  test  vehicle,  partially  filled  with  graphite,  into  the  TREAT  reactor  if  a  5  x  5 
a-ray  of  fuel  assemblies  at  the  core  center  was  removed.  In  addition,  by  slightly  reducing 
the  diameter  of  the  test  vehicle,  four  fuel  assemblies  could  be  placed  in  the  corners  of 
the  array  and  four  graphite-filled  moderator  blocks  could  be  attached  to  the  outside  of  the 
test  vehicle.  This  cylindrical  vehicle  (shown  previously  in  Figure  6  and  in  cross-section 
on  the  right  hand  side  of  Figure  10)  would  permit  more  moderator  around  and  in  the  exper¬ 
iment,  would  be  much  less  expensive  since  the  walls  could  be  thinner,  would  be  much  simpler 
to  fabricate,  and,  in  fact,  requires  only  slightly  more  fuel  be  removed  from  the  core  than 
tor  the  rectangular  configuration. 

Detailed  nuclear  analyses  of  this  cylindrical  configuration  revealed  that,  although 
there  was  a  decrease  in  excess  reactivity  as  compared  with  the  rectangular  geometry,  there 
should  still  be  sufficient  excess  reactivity  for  a  full  power  burst.  More  significantly, 
the  pcf  was  increased  by  both  the  increased  amount  of  graphite  and  thinner  vessel  walls  to 
result  in  greater  power  to  the  experiment.  The  comparison  is  a  pcf  of  143  watts/g-U-235/Mw 
TREAT  power  for  the  rectangular  geometry  versus  a  calculated  pcf  of  190  watts/g-U-235/Mw  of 
TREAT  power  for  the  cylindrical  geometry. 

A  bonus  with  this  change  was  the  cost  of  the  experiment.  Although  the  graphite  replace¬ 
ment  elements  outside  and  inside  the  test  vehicle  are  not  readily  available  standard  dummy 
graphite-filled  fuel  assemblies  and  have  to  be  especially  fabricated,  the  overall  cost  of 
the  experimental  hardware  was  significantly  reduced. 

Conclusions 


The  TREAT  reactor  is  a  large,  air-cooled  test  facility  originally  designed  to  evaluate 
reactor  fuels  and  structural  materials  under  conditions  simulating  various  types  of  nuclear 
excursions  and  transient  undercooling  situations.  It  is,  as  stated,  also  extremely  well 
suited  to  support  certain  types  of  nuclear  laser  experiments.  Two  of  the  major  design 
features  of  TREAT  --  its  large  size  and  its  being  an  air-cooled  reactor  —  provide  the 
clues  to  most  of  its  advantages  and  disadvantages  for  supporting  nuclear  laser  exper¬ 
iments.  Its  large  size  permits  accommodation  of  geometrically  large  experiments,  but  also 
results  in  relatively  long  transients  so  that  the  energy  deposited  in  an  experiment  is 
large  relative  to  the  peak  power.  The  fact  that  TREAT  is  air  cooled  allows  its  config¬ 
uration  to  be  changed  fairly  readily.  Not  only  can  individual  fuel  elements  be  removed  to 
admit  a  large  test  article  but,  perhaps  more  importantly,  special  slotted  elements  can  be 
installed  in  line  with  removable  shield  plugs  to  provide  line-of-sight  access  through  the 
reactor.  For  the  same  reason  —  air  cooling  --  the  reactor  cools  down  slowly,  permitting 
only  one  full  power  transient  a  day  which  can  be  a  disadvantage  in  some  experimental 
programs.  Also  because  of  its  slow  air  cooled  mode  of  operation,  experiments  performed  at, 
or  near,  full  power  in  TREAT  may  require  a  flowing  gas  system  to  minimize  any  temperature 
effects  in  the  test  gas.  Energy  deposition  from  the  fission  process  can  increase  gas 
temperatures  in  a  non-flowing  system  to  as  high  as  several  thousand  K.  The  thermodynamic 
and  laser  kinetic  stability  of  the  test  gas  can  be  significantly  affected  at  these  high 
temperatures.  On  the  other  hand,  the  gas  temperature  rise  in  a  flowing  system  may  only  be 
several  hundred  K.  The  addition  of  a  flowing  gas  delivery  system  significantly  adds  to  tue 
complexity  of  the  experiment  and,  therefore,  to  its  cost. 


In  addition  to  those  more  significant  advantages  and  disadvantages,  the  reactor  is  ca¬ 
pable  of  either  steady-state  or  transient  operation.  This  operating  flexibility  can  be 
extremely  useful  in  many  experimental  programs. 

It.  summary,  TREAT  is  a  facility  which  permits  a  large  experiment  size  and  offers  flexi¬ 
bility  of  configuration,  access,  and  operating  characteristics,  but  it  has  a  large 
energy-to-power  ratio  and  a  low  duty  cycle.  This  large  energy-to-power  ratio  may  require 
that  a  costly  and  complex  gas  delivery  system  be  included  in  the  NPL  experimental  program 
to  be  performed  at  TREAT.  However,  it  is  generally  believed  many  of  the  final  applications 
of  the  nuclear  powered  laser  will  themselves  require  a  flowing  gas  delivery  system.  There¬ 
fore,  the  necessity  of  such  a  system  in  an  experimental  program  at  TREAT  can  be  deemed  an 
advantage  with  respect  to  future  applications  and  scalability. 

This  work  was  supported  by  the  U.  S.  Department  of  Energy  under  DOE  Contracts  No. 
DE-AC07-76ID01570  ( EG&G  Idaho,  Inc.). 
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Cutaway  view  of  the  TREAT  reactor. 


Map  of  Idaho  showing  the  location  of  the  INEL. 
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Figure  3.  INEL  site  map  showing  location  of  the  TREAT  reactor. 


Figure  4.  TREAT  core  configuration  for  an  early  NPL  experiment 


Figure  5.  Isometric  view  of  an  early  NPL  experiment  performed  in  TREAT. 


Figure  6.  Isometric  view  of  a  future  NPL  experiment  to  be 
performed  in  TREAT. 
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Figure  9.  Original  configuration  of  future  NPL  experiment 
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Figure  10.  TREAT  core  configuration  for  original  version 
of  future  NPL  experiment. 
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NLCLEAR-PUMPED  LASERS  FOR  LARGE-SCALE  APPLICATIONS 


R.E.  Anderson,  E.M.  Leonard,  R.F.  Shea,  and  R.R.  Berggren 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  87545  USA 

ABSTRACT 

Efficient  initiation  of  large-volume  chemical  lasers  may  be  achieved  by  neutron  induced  reactions  which 
produce  charged  particles  in  the  final  state.  When  a  burst  mode  nuclear  reactor  is  used  as  the  neutron  source, 
both  a  sufficiently  intense  neutron  flux  and  a  sufficiently  short  initiation  pulse  may  be  possible.  Proof-of- 
principle  experiments  are  planned  to  demonstrate  lasing  in  a  direct  nuclear-pumped  large-volume  system;  to 
study  the  effects  of  various  neutron  absorbing  materials  on  laser  performance;  to  study  the  effects  of  long 
initiation  pulse  lengths;  to  demonstrate  the  performance  of  large-scale  optics  and  the  beam  quality  that  may 
be  obtained;  and  to  assess  the  performance  of  alternative  designs  of  burst  systems  that  increase  the  neutron 
output  and  burst  repetition  rate. 

Introduction 

1  2  } 

There  has  been  considerable  interest,  both  in  the  past  and  more  recently"'  in  the  issue  of  nuclear  pumping  of  gas  laser  media.  Two 
characteristics  of  a  nuclear  reactor  that  have  fueled  this  interest  are  the  high-energy  output  that  is  coupled  with  a  relatively  small,  self- 
contained  system.  These  features  provide  mechanisms  for  overcoming  the  restrictions  imposed  by  volume,  weight,  or  maintenance-limited 
systems.  The  long  mean-free  paths  associated  with  uncharged  particles  such  as  the  neutron  also  provide  a  convenient  mechanism  for 
pumping  large-volume  gas  systems. 

We  have  been  interested  in  the  possibility  of  using  neutrons  to  initiate  a  DF-CO2  transfer  laser.  This  type  of  chemical  laser  has  an 
inherent  advantage  over  excimer  lasers,  because  the  output  energy  arises  as  a  result  of  chemical  reactions  among  the  constituents  of  the 
laser  medium  rather  than  as  a  result  of  the  energy  supplied  by  an  external  pumping  device.  In  the  DF-CO2  laser,  the  neutron  pump  only 
provides  sufficient  energy  to  initiate  the  chemical  reaction  chain.  The  laser  may  then  produce  an  output  energy  approximately  ten  times 
larger  than  that  supplied  by  the  pump,  compared  to  a  conventional  system  which  might  produce  an  output  energy  equal  to  a  few  percent  of 
the  pump  energy. 

In  the  reactor  pumping  concept,  neutrons  produced  by  the  reactor  are  absorbed  by  a  nucleus  within  the  lasing  medium.  The  nucleus 
then  undergoes  a  reaction  that  produces  highly  energetic  charged  particles,  which  deposit  energy  in  the  laser  gas.  This  is  similar  to  the 
process  in  an  electron-beam-pumped  laser. 

To  accomplish  this  process  most  efficiently,  the  nuclei  that  dope  the  laser  must  have  a  large  absorption  cross  section  for  low-energy 
neutrons,  a  large  positive  q-value  for  the  nuclear  reaction,  and  must  not  substantially  perturb  the  operation  of  the  laser.  It  would  also  be 
advantageous  if  the  species  of  interest  were  to  exist  in  a  gaseous  form.  Several  candidates  that  have  received  considerable  attention  in  the 
literature1  1  are  3He.  "Li,  l0B,  and  "^U.  The  relevant  properties  of  these  isotopes  are  listed  in  Table  I.  The  quantities  of  these  nuclei  that 
must  be  present  vary  considerably,  depending  on  the  energy  release  per  absorption  event,  as  discussed  in  Sec.  V.  For  example,  uranium 
hexafluoride  needs  to  be  present  only  in  very  small  quantities.  The  addition  of  any  of  these  species  raises  complex  questions  regarding  its 
effect  on  the  laser  kinetics.  For  some  species  (such  as  Me),  we  have  enough  information  to  predict  DF-CO2  laser  operation  if  a  quantity 
of  ’He  were  added  to  the  gas  mixture. 


|  TABLE  I.  PROPERTIES  OF  LASER  ADDITIVES 

Isotope 

Thermal  Cross  Section 

Energy  Release 

Availability 

3He 

5300  b 

0.76  MeV 

gas 

fiLi 

950  b 

4.8  MeV 

— 

t°B 

3800  b 

2.3  MeV 

gas 

580  b 

170.  MeV 

gas 

Effect  of  Helium  on  Laser  Kinetics 

Detailed  studies  have  been  performed  on  photolytically  initiated  and.  more  recently,  on  e-beam  initiated  DF-CO:  transfer  lasers.  Recent 
unpublished  experiments  on  these  systems  have  shown  that  weakly  initiated  systems  can  provide  reasonable  energy  extraction  (-30  J //) 
with  lasing  pulses  (on-time  to  off-time)  longer  than  50  psec.  We  will  use  the  parameter  space  investigated  by  these  experiments  as  a  point 
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of  departure.  Therefore  we  will  fix  the  total  operating  pressure  at  1  atm  and  the  gas  composition  as  shown  in  Table  II.  For  neutron  initiation 
w  e  will  replace  10 9<  -  50 %  of  the  argon  buffer  gas  with  '  He. 


TABLE  II.  GAS  COMPOSITION  FOR  DF-CCh  LASER 

_ Components _ Pressure  (torr) 

Buffer  (argon) 

F2 
Di 
CO2 

_ 02 

Total  pressure  760 


The  basic  kinetics  of  the  system  are  straightforward.  The  laser  is  initiated  by  producing  free  F-atoms  that  set  off  the  D2.F2  chain: 

F  +  D2  — *  DF(v)  +  D 
D  +  F2  — >  DF(v)  +  F 

The  vibrational  energy  in  DF  may  then  be  transferred  to  CO2, 

DF(v)  +  CO2(000)->DF(v-I)  +  CO2(00I)  , 
which  lases  at  10.6  |i: 

C02(00 1 )  -v  C02(  1 00)  +  hv(  1 0.6  p) 

The  production  of  free  F-atoms  in  these  devices  is  most  conveniently  provided  by  photolysis  of  F2: 

F2  +  hv(280  p)  ->  F  +  F 

An  e-beam  may  also  be  used  to  provide  free  F-atoms  in  the  Ar,  F2  mixture.  Since  neutron  absorption  and  subsequent  fission  of  fHe  produces 
energetic  charged  particles,  the  neutron  initiated  system  acts  very  much  like  e-beam  initiation. 

The  system  is  clearly  unstable:  any  inadvertent  production  of  F-atoms  (such  as  that  due  to  fluorescent  lamps)  could  cause  the  laser  to 
fire.  Pre-ignition  is  prevented  by  the  addition  of  a  "chain  breaker"  that  acts  to  remove  free  F  and  D  atoms.  The  chain  breaker  also  sets  the 
threshold,  which  the  pump  must  exceed  to  fire  the  laser.  The  laboratory  experiments  mentioned  above  have  used  1-2  torr  of  O2  for  this 
purpose. 

In  the  transfer  system  there  are  only  a  few  reactions  where  the  buffer  gas  plays  a  major  role.  These  processes  are  listed  below. 


C02(001)  +  M->C02(030)  +  M  (1) 

C02(010)  +  M-»C02<000)  + M  (2) 

DF(v)  +  M  — >  DF(v-l )  +  M  (3) 

D  +  O2  +  M  — >  DO2  +  M  (4) 

F  +  O2  +  M  -»  FO2  +  M  (5) 


In  Table  III  we  give  rate  constants  for  the  first  three  of  these  processes  at  representative  temperatures  and  with  M  as  either  argon  or 
helium.  We  have  used  the  CO2  rate  constants  recommended  by  Feber  and  Sullivan5  and  the  DF  rates  recommended  by  Cohen  and  Bott.6 

Reaction  4  has  the  same  rate7  with  either  M  =  Ar  or  M  =  He.  No  data  exist  on  Reaction  5  with  helium  as  a  third  body,  and  we  have 
assumed  the  same  rate  for  both  helium  and  argon. 

Because  of  the  rapid  deactivation  rate  of  the  CO2  bending  mode  L,  helium  tRc  i.tion  2),  most  CO2  lasers  use  it  as  a  buffer  gas.  All 
three  reports  of  e-beam-initiated  DF-CO2  lasers  in  the  literature  used  helium^10.  Our  system,  however,  operates  with  much  longer  lasing 
pulses  (>50  |is),  making  deactivation  of  the  bending  mode  less  critical.  Performance  limitations  on  the  long  pulse  DF-CO2  laser  are  more 
dependent  upon  quenching  of  the  upper  laser  level,  where  argon  and  helium  have  comparable  rates. 

To  arrive  at  a  quantitative  comparison,  we  have  used  a  computer  model  to  calculate  laser  performance  with  argon  and  helium  as  buffers. 
Our  model  contains  approximately  200  reactions  and  over  40  different  species  or  vibrational  states.  The  kinetics  of  F-atom  production  are 
treated  phenomenologically:  we  input  a  source  term  that  describes  the  energy  deposited  per  cubic  centimeter  per  second  into  the  gas.  and 
we  assume  that  one  F-atom  was  produced  for  every  5  eV  deposited  in  the  gas,  regardless  of  whether  the  buffer  was  helium  or  argon  (Sec. 
IV  explores  this  issue ).  Our  results  showed  that  with  the  use  of  helium,  the  laser  specific  energy  increased  by  17%  and  pulse  length  shortened 
by  about  0.7%. 

A  reactor-driven  laser,  however,  will  use  5He  and  not  4He,  as  discussed  above.  Because  both  species  have  nearly  identical  electronic 
structures,  the  isotopic  substitution  should  have  little  effect  on  the  cross  sections  for  kinetic  processes.  In  fact,  measured  cross  sections  for 
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deactivating  COytOO  I )  by  3He  and  4He  do  exist  and  are  identical. 1 1  Bimolecular  kinetic  rates,  however,  depend  on  a  cross  section  and  a 
collision  frequency.  The  latter  varies  inversely  with  the  square  root  of  the  reduced  mass.  For  ’He  interacting  with  CO2  or  DF,  there  is  a 
net  increase  in  the  rate  by  13%  or  14%,  respectively.  The  scaling  of  three  body  rates  is  somewhat  ambiguous  and  depends  on  the  model 
chosen.  A  simple-minded  approach  leads  to  increases  in  the  rates  for  Reactions  (4)  and  (5)  of  only  7%. 


TABLE  III.  COMPARISON  OF  KINETIC  RATES  INVOLVING  ARGON  AND  HELIUM 

Reaction 

M 

k(300) 

k(600) 

K(800) 

CO2(001)  +  M 

Ar 

1.56  x  I0'15 

1.72  x  10'14 

5.11  x  1014 

He 

2.30  x  10' 15 

1.86  x  10'14 

5.69  x  10' 14 

CO2(010)  +  M 

Ar 

9.33  x  10!6 

1 .63  x  10  14 

4.46  x  10'14 

He 

1.17  x  10'13 

8.29  x  10'13 

1.65  xlO'12 

DF(1 )  +  M 

Ar* 

3.73  x  10'18 

8.43  x  10'17 

3.08  x  10' 16 

He* 

5.82  x  10'18 

1.32  x  1016 

4.81  x  IO'16 

I  9 

*  Rates  for  higher  DF-levels  scale  as  V  '  for  both  helium  and  argon. 

Incorporating  the  above  changes  in  kinetic  rates  to  account  for  3He,  we  repeated  our  previous  calculation.  The  increases  in  the  rate 
constants  decreased  specific  power  by  2.5%  and  shortened  pulse  length  by  0.5%.  The  net  effect  is  that  the  DF-CO2  laser  using  ‘  He  should 
out-perform  an  argon-based  system. 

By-products  of  the  nuclear  reaction  may  have  another  effect  on  the  kinetics.  The  reaction:  n  +  Vie  — v*H+  +  3He+  +  2e  yields  a  proton 
and  a  triton  at  energies  of  0.57  MeV  and  0. 1 9  MeV,  respectively.  Assuming  both  these  species  eventually  pick  up  an  electron,  we  have  the 
possibility  of  reactions  with  F2  to  produce  HF  and  TF  in  various  vibrational  states.  Both  HF-CO2  and  TF-CO2  have  lased  but  have  not 
performed  as  well  as  DF-CO2  lasers.1213  If  we  assume  that  the  nuclear  reaction  deposits  a  total  of  3  mj/cm3  in  the  gas,  we  can  readily 
calculate  from  the  numbers  given  above  that  the  densities  of  TF  and  HF  will  be  on  the  order  of  10  7cm  .  Because  this  is  significantly 
below  the  level  of  DF  densities  encountered,  both  species  will  have  little  effect  on  laser  performance. 

Effect  of  Reactor  Pulse  Share  on  Laser  Performance 

Historically.  DF-CO2  lasers  have  been  initiated  with  flashlamps  or  an  e-beam  operating  for,  at  most,  a  few  microseconds.  This  is  much 
shorter  than  the  neutron  pulse  from  the  Los  Alamos  burst  reactors:  GODIVA  (FWHM  of  30  ps)  and  SKUA  (FWHM  of  up  to  400  ps).  If 
the  energy  deposited  ( i.e..  the  total  number  of  F-atoms  produced)  is  kept  constant  but  the  initiation  pulse  is  lengthened,  fewer  F-atoms  are 
present  at  any  one  time  to  drive  the  chemistry.  In  this  section  we  will  examine  the  effect  of  initiation  pulse  length  on  laser  performance. 

We  have  estimated  the  total  neutron  fluence  with  the  Los  Alamos  Monte  Carlo  code  MCNP14,  based  on  a  total  of  5  x  1016  fissions  for 
GODIVA  and  3  x  1017  fissions  for  SjCUA.  Some  aspects  of  the  design  were  adjusted  to  attempt  to  make  the  energy  deposition  uniform 
throughout  the  laser.  With  6 1  torr  of  3He  in  the  laser,  the  neutrons  can  deposit  about  3  mj/crn  in  the  gas.  As  before,  we  assumed  that  one 
F-atom  was  produced  for  every  5  eV  deposited  in  the  gas.  The  gas  mixture  is  given  in  Table  I. 

Our  results  are  summarized  in  Figs.  1  and  2.  Specific  energy  has  been  normalized  for  simplicity.  We  note  that  short  initiation  pulses 
(30  ps  FWHM)  yield  higher  specific  energies  and  shorter  lasing  pulses.  As  the  initiation  pulse  broadens,  the  laser  energy  drops,  and  its 
pulse  length  becomes  very  long.  (Laser  pulse  length  as  described  in  this  document  is  measured  from  the  onset  of  lasing  to  termination. 
Generally  it  is  much  longer  than  the  FWHM  of  the  lasing  pulse.)  A  close  examination  of  the  shape  of  the  laser  output  flux  reveals  a  long 
gradual  tail  followed  by  a  dramatic  rise  and  abrupt  termination.  With  very  long  initiation  pulses,  the  lasing  terminates  at  about  the  time 
that  the  neutron  flux  peaks. 

Increasing  the  concentration  of  3He  in  these  calculations  has  the  effect  of  increasing  energy  deposition  and  more  strongly  initiating  the 
laser.  We  have  repeated  our  calculations  for  the  400-ps  initiation  pulse  with  332  torr  of "  He  instead  cf  the  61  torr  considered  previously. 
Though  this  raises  the  total  energy  deposition  by  a  factor  of  5.4,  it  yields  only  a  28%  increase  in  specific  energy  and  a  56%  decrease  in 
pulse  length.  This  effect  is  much  less  pronounced  than  might  be  expected.  Despite  the  large  total  energy  deposition,  the  pulse  length  is  so 
long  that  few  F-atoms  are  available  at  any  one  time  to  drive  the  chemistry. 

Effect  of  Helium  on  F-atnm  Production 

Dissociation  of  F2  to  produce  free  fluorine  atoms  and  to  initiate  the  chemistry  of  the  transfer  system  can  be  accomplished  either  by 
UV-photolysis  or  an  e-beam.  The  photolysis  processes  are  straightforward:  F2  absorbs  a  photon  and  is  excited  to  a  repulsive  state.  The 
e-beam  initiation  is  considerably  more  complex:  high-energy  electrons  deposit  their  energy  in  the  rare  gas  and  produce  metastable  atoms, 
ions,  and  free  electrons.  A  series  of  reactions  of  these  species  with  F2  generates  the  free  F-atoms.  The  efficiency  of  this  process  is  measured 
by  the  number  of  electron  volts  that  must  be  deposited  in  the  medium  to  create  an  F-atom.  In  previous  sections  of  this  report  we  have 
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assumed  a  nominal  value  of  5  eV/F-atom.  If  this  number  is  significantly  higher  for  the  reactor-based  system,  higher  neutron  fluxes  will  be 
required  to  generate  the  same  level  of  initiation. 


Fig.  1 .  Efficiency  of  energy  extraction  as  a  function  of  initiation 
pulse  length.  Total  energy  deposited  was  the  same  for  all 
calculations. 


length. 


The  basic  difference  between  the  e-beam  and  reactor-pumped  lasers  is  the  replacement  of  argon  by  3He.  To  better  understand  how  this 
affects  F-atom  production,  we  need  to  discuss  e-beam  initiation  in  more  detail.  In  the  following  we  will  consider  a  laser  volume  containing 
mainly  the  rare  gas  and  small  amounts  of  Fi. 

As  mentioned  above,  the  high-energy  electrons  create  argon  ions,  argon  metastables,  and  secondary  electrons.  Low-energy  electrons 
can  very  rapidly  attach  themselves  to  F2  and  produce  a  free  F  and  a  free  F.  Argon  ions  attach  themselves  to  the  F  to  produce  ArF*.  This 
excimer  is  also  produced  by  the  reaction  of  F2  with  argon  metastables.  The  ArF*  will  eventually  react  with  F2  and  produce  three  free 
F-atoms.  Approximately  80%  of  the  free  F  produced  in  the  Ar-F2  mixture  comes  from  the  reaction  of  ArF*  and  F2.  In  a  He-F2  mixture 
things  are  very  different:  the  excimer  HeF*  is  not  bound,  and  this  major  channel  in  producing  F-atoms  will  be  cut  off. 

In  He-F2  mixtures  the  major  channel  to  F-atom  production  comes  through  F2+.  This  species  can  be  created  either  by  charge  exchange 
with  helium  ions  or  by  Penning  ionization  with  helium  metastables.  The  F2+  then  combines  with  F  to  produce  three  F-atoms.  In  mixtures 
containing  He,  F2,  and  Ar,  all  the  processes  described  above  take  place  with  charge  exchange  between  helium  ions  and  argon,  as  well  as 
Penning  ionization  of  argon  by  helium  metastables. 

We  have  used  the  model  of  Wilson  and  Shapiro15  to  make  quantitative  comparisons  of  F-atom  production  in  He,  Ar,  and  F2  mixtures. 
This  model  incorporates  a  total  of  1 8  species  and  45  reactions.  By  making  the  major  assumption  that  all  electrons  are  instantly  thermalized, 
we  eliminate  the  need  to  include  a  Boltzmann  analysis.  Source  terms  that  drive  the  kinetics  come  from  the  reaction  of  neutrons  with  5He. 

For  the  reactor-initiated  laser,  we  want  to  compare  F-atom  production  in  various  He,  Ar.  and  F2  mixtures,  with  F-atom  production  in 
the  e-beam-initiated  Ar  and  F2  mixture.  By  slightly  modifying  the  Wilson  and  Shapiro  model  to  treat  an  e-beam-driven  Ar  and  F2  mixture, 
we  can  calculate  a  base-line  number  for  F-atom  production  in  argon.  This  analysis  yields  a  value  of  5.2  eV/F-atom,  which  is  slightly  higher 
than  the  approximate  value  of  5  eV/F-atom  used  earlier.  Losses  of  ArF*  through  radiation  and  collisional  dissociation  with  argon  account 
for  much  of  the  difference. 

We  used  the  5.2-eV/F-atom  value  to  normalize  our  results  for  argon  and  helium  mixes.  Figure  3  reports  the  relative  initiation  strength 
needed  for  the  same  F-atom  density  in  various  mixtures.  The  total  buffer  gas  pressure  (He  +  Ar)  was  fixed  at  7 1 5  tore  for  these  calculations. 
Though  more  energy  deposition  is  required  in  pure  helium  than  in  pure  argon,  a  few  hundred  tore  of  argon  makes  the  F-atom  production 
close  to  what  it  would  be  if  only  argon  were  present.  Our  calculations  ignore  a  number  of  small  contributions,  and  we  have  dropped  the 
F-atom  recombination  process  that  artificially  inflates  the  eV/F-atom  number.  In  an  actual  laser,  the  F-atoms  will  be  removed  by  reaction 
with  D2  much  more  quickly  than  they  can  recombine. 

Burrows16  has  pointed  out  the  additional  processes  that  can  occur  when  D2  and  CO2  are  included  in  Ar-F2  mixtures.  The  presence  of 
helium  metastables  and  ions  further  complicates  the  kinetics.  Of  major  importance  is  the  very  rapid  (k-10  9)  reaction  between  helium  ions 
and  CO2  to  produce  0+,  CO.  CO+,  and  O.  The  reaction  between  helium  ions  and  D2  is  slow  and  can  be  ignore^  17  Reaction  rates  for 
helium  metastables  with  CO2  and  D2  have  been  measured.  In  the  case  of  D2,  the  products  are  also  known  (maim,  D2+).19  Because  both 
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helium  ions  and  metastables  are  very  effective  in  producing  Fs+.  these  additional  processes  lower  the  production  of  F2+  and  create  instead 
D;+.  CO;+.  0+.  and  CO+.  The  most  likely  fate  of  these  ions  is  reaction  with  the  excess  F‘  that  will  be  present.  Unfortunately,  there  are  no 
measured  rates  for  processes  such  as  these. 


Fig.  3.  Relative  amounts  of  energy  needed  to  produce  one 
F-atom  as  a  function  of  argon  concentration.  The  total  pressure  is 
715  torn  and  the  gas  is  composed  of  helium  and  argon.  The  results 
are  normalized  to  one  (~5  eV/F-atom)  for  a  pure  argon  system. 


In  view  of  the  uncertainties,  we  can  make  no  prediction  for  the  efficiency^  of  F-atom  production  in  actual  laser  mixtures  ( Ar^  He,  Fy, 
D:.  and  CCb).  Our  earlier  analysis  (Figs.  1  and  2)  was  based  on  61  Torr  of  He  in  the  gas,  an  energy  deposition  of  3.0  mJ/cm' .  and  an 
assumed  value  of  one  F-atom  produced  for  every  5  eV  deposited  in  the  gas.  If,  however,  it  were  to  take  1 0  eV  to  produce  one  F-atom,  we 
need  only  increase  the  He  concentration  to  achieve  the  same  level  of  initiation  from  the  same  reactor  flux.  This  indicates  that  we  have 
some  leeway  in  achieving  a  specific  level  of  laser  performance,  even  if  we  do  not  know  the  level  of  initiation.  Because  laser  performance 
is  very  sensitive  to  the  level  of  initiation  (among  other  things),  the  impact  will  be  in  our  ability  to  make  a  reliable  prediction. 

Burst  Reactor  Operation 

Initiation  pulses  for  the  DF-COy  laser  are  provided  by  one  of  two  Los  Alamos  burst  reactor  facilities:  GODIVA20  or  SKUA21. 

Figure  4  shows  the  GODIVA  assembly  and  controls.  The  fuel  is  a  1 ,5-wt  %  molybdenum-uranium  alloy  with  -93.5%  enriched  uranium. 
The  fuel  components  are  all  aluminum-ion-plated  and  have  a  total  mass  of  about  66  kg.  Three  external  C-shaped  damps  (3/4  in.  thick  by 
1  and  3/4  in.  in  cross  section),  fabricated  from  high-strength  maraging  steel,  fasten  the  stack  of  six  stationary  fuel  rings. 
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The  burst  assembly  is  supported  on  a  three-legged  structure  that  houses  actuators  for  reactivity  control  elements,  which  enter  the  core 
front  below.  The  safety  block  is  threaded  onto  a  stainless  steel  mandrel  at  the  lower  end,  so  that  thermal  expansion  exerts  a  downward 
thrust  on  the  support  shaft,  opening  a  magnetic  clutch  to  provide  shock-induced  scramming.  Total  burst  yield  and  burst  width  are  plotted 
against  reactor  period  in  Fig.  5.  Yield  data  and  leakage  flux  per  core  fission  have  been  obtained  via  foil  activation  and  from  aluminum 
tn.ai  detectors. 


Fig.  5  Burst  w  idth  and  peak  power 
of  the  GODIVA  assembly  plotted  as  a 
function  of  the  reciprocal  period.  The 
dashed  line  is  simply  a  guide  for  the  eye. 
The  solid  curve  has  the  functional  form 

T  ->  T 

P  -  (a  /2bar)  ( 1  +  a“x~).  where  b  is  the 
thermal  quench  rate  of  the  device  (about 
-0.2  c/':C),  ar  is  the  Rossi  alpha  (about 
0.86  \  l(r  sec1 1.  and  x  has  been  ad¬ 
justed  for  best  fit  to  a  value  of  8.9  ps. 


Figure  6  shows  a  top  view  of  the  SKUA  assembly.  This  18-in. -diam  cylindrical  annulus,  consisting  of  170  kg  of  93.5c/r  enriched 
uranium,  is  controlled  by  six  external  copper  reflector  elements.  A  9. 5-in. -diam  glory  hole  is  available  for  experimental  use.  When  a  lower 
average-energy  neutron  spectrum  is  desired,  a  3-in.  annular  flux  trap  with  a  3-in.  glory  hole  may  be  inserted.  Though  the  SKUA  assembly 
has  not  yet  operated  in  the  prompt  critical  regime,  initial  delayed  critical  operations  have  confirmed  the  SKUA  design. 


No  special  cooling  following  bursts  is  envisioned  for  either  assembly,  even  though  temperatures  as  high  as  3(X)°C  (for  GODIVA)  or 
500"'C  (for  SKUA)  may  be  achieved.  The  cool-down  time  for  these  devices  defines  the  burst  repetition  rates  that  can  be  achieved. 

A  wide  variation  in  irradiation  pulse  characteristics  is  possible  using  these  facilities.  Fission  yields  of  between  1  x  lO16  and  3  x  1017, 
with  burst  widths  between  30  and  400  ps,  are  possible.  Some  of  the  burst  properties  of  these  two  assemblies  are  summarized  in  Table  IV; 
a  typical  short-burst  pulse  from  the  GODIVA  assembly  is  shown  in  Fig.  7. 

Because  these  assemblies  produce  primarily  fast  neutrons,  a  moderator  is  ;,ecessary  to  thermalize  the  neutrons  that  enter  the  laser 
volume.  The  assemblies  are  relatively  small,  and  the  laser  can  be  placed  quite  close  to  the  source,  which  increases  the  efficiency  of  the 
system.  On  the  other  hand,  a  large  laser  volume  will  not  be  uniformly  pumped  under  these  circumstances.  Some  regularization  of  the 
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neutron  flux  profile  ni:t\  be  achiev  ed  by  proper  shaping  of  the  moderator:  however.  Ihis  procedure  produces  some  elongation  of  the  initiation 
puKe  length. 

Energy  deposition  w  ithin  the  laser  volume  was  estimated  using  the  Los  Alamos  Monte  Carlo  code  MCNP14.  Estimates  were  made  for 
both  the  CiODIVA  and  SKCA  assemblies  for  several  different  laser  volumes.  Continuous-energy  cross- sect  ion  sets  were  used  in  the 
calculations,  and  the  results  were  collapsed  into  lb  to  50  groups  for  analysis.  A  typical  geometric  model  used  in  the  calculations  is  shown 
in  Fig.  S.  Average  energy  depositions  for  several  replacements  of  the  argon  buffer  gas  are  shown  in  Table  V.  According  to  these  results, 
minimum  requirements  for  the  ignition  energy  were  met.  w  ith  considerable  room  left  for  variation  of  the  exact  fill  gas  composition. 
However,  we  still  must  show  that  any  degradation  of  the  laser  kinetics  remains  at  an  acceptable  level.  Degradation  could  occur  from  the 
alteration  of  the  fill-gas  composition,  nonuniformities  in  the  pumping  profile,  or  longer  initiation  pulses  provided  by  the  burst  assembly. 


Fig.  7.  A  typical  fast  initiation  pulse  from  the  GODIV'A 
assemblv . 
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TABLE  IV 

COMPARISON  OF  BURST  CHARACTERISTICS 

Godiva  IV 

SKUA  (est.  > 

LBR  (est.) 

Burst  width  ((is) 

30 

100-400 

500-5000 

Joules/burst 

1.8  x  I0h 

5.4x  I0h 

8.9  x  ID7 

Leakage  neutrons 

8.9  x  l()16 

2.7  x  1017 

3.0  x  I0IX 

■> 

Flux  at  1  m  (n/cm"-s) 

2.4  x  1016 

5.3  x  l()|  s 

4.8  x  I015 

A 

Central  fluence  (n/tm'l 

3.3  x  1014 

3.3  x  I014 

— 

Average  central  tlux 
(n/cm2-x)  average 

1.1  x  l()19 

8.0  x  l()17 

— 

Peak 

2.0.x  HI19 

1.5  x  I0IX 

— 

One  of  the  objectives  of  the  experimental  program  will  be  to  study  the  characteristics  of  alternative  types  of  burst  systems  that  may  be 
more  suitable  for  use  with  a  large-scale  laser.  Among  the  characteristics  of  such  a  system  would  be  increased  neutron  output,  increased 
burst  repetition  rate,  and  greater  uniformity  in  the  energy  deposition  within  the  laser  volume.  The  si/e  of  the  CiODIVA  and  SKUA  pulses 
is  fundamentally  limited  by  the  mechanical  stresses  produced  by  thermal  expansion  of  the  fuel  during  the  burst  and.  to  a  lesser  extent,  by 
the  temperature  rise  in  the  fuel  produced  by  the  fission  fragments.  The  pulse  length  is  determined  fundamentally  by  the  physical  si/e  of 
the  assemblv. 


Moderator 

Fig.  8.  Geometric  model  for  determining  the  energy  deposition  Laser 

within  the  laser  during  a  typical  burst  from  SKUA.  The  laser  has 
heen  segmented  to  studv  the  space  and  time  profile  of  the  initiation 
pulse. 

SKUA 
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TABLE  V.  ENERGY  DEPOSITIONS  ACHIEVABLE  IN  A 
LARGE-SCALE  DF-CO2  LASER 


Additive 

Energy  Deposition 

none 

0.1  mj/cnr 

0.5-atm  3He 

4.5  mJ/cm3 

0.1 -atm  'He 

1 .5  mJ/cnr 

0.1 -atm  l0B 

4.5  mJ/cm3 

0.  \  -atm  6Li 

3.5  mJ/cm3 

0.1 -atm  235U 

50.0  mJ/cm3 

A  new  liquid  burs!  facility,  the  SHEBA  assembly,  is  presently  being  constructed  to  study  the  dynamics  of  nuclear  excursions  in  a  liquid 
system.  Compared  to  a  metal  system,  the  SHEBA  assembly  might  ultimately  produce  an  increase  by  a  factor  of  10  to  100  in  the  neutron 
output  and  a  substantially  higher  burst  repetition  rate  at  the  cost  of  a  somewhat  longer  pulse  length.  In  its  final  form,  this  liquid  burst 
facility  would  have  a  substantial  volume,  and  its  shape  would  be  tailored  to  the  requirements  of  the  laser  system.  A  critical  mass  of  liquid 
material  would  be  pumped  into  a  shape  of  interest,  then  allowed  to  burst  and  vaporize.  The  material  would  then  be  cooled,  reconstituted, 
and  pumped  back  into  the  critical  configuration  for  another  burst.  A  comparison  of  the  characteristics  of  such  a  liquid  burst  reactor  (LBR) 
with  GODIVA  and  SKUA  has  been  included  in  Table  IV. 

Proposed  Experiments 

A  large-volume  laser  experiment  is  currently  being  planned  to  examine  the  issues  of  laser  and  burst  assembly  operation  raised  here. 
We  propose  to  do  proof-of-principle  experiments  whose  objectives  are 

1 .  to  demonstrate  lasing  in  a  neutron-initiated  DF-CO2  laser; 

2.  to  examine  the  kinetics  of  the  laser  when  various  fractions  of  the  buffer  gas  are  replaced  by  3He  and  other  gases; 

3.  to  examine  the  feasibility  of  long  pulse  initiation  (30-  to  500-ps  range); 

4.  to  produce  a  laser  large  enough  to  demonstrate  optics  performance  and  beam  quality;  and 

5.  to  study  the  characteristics  of  solution  burst  assemblies. 

We  envision  the  use  of  two  laser  volumes.  The  smaller  of  the  two  will  be  approximately  40  cm  in  diam  by  2  m  long.  Using  ~20-cm-diam 
optics,  we  will  measure  gain,  total  output  energy,  and  pulse  shape  to  verify  and  adjust  performance  predictions.  Full-size.  40-cm-diam 
optics  would  then  be  used  to  show  pumping  uniformity  and  extraction  over  the  full  volume  of  -280  /. 

A  second  laser  would  have  a  larger  volume  (-2  nr)  with  a  folded  optical  path;  an  unstable  resonator  would  extract  the  full  volume. 
Preliminary  calculations  indicate  that  this  volume  will  be  large  enough  to  give  an  equivalent  Fresnel  number  well  above  the  critical  Fresnel 
number  for  mode  separation,  allowing  the  laser  to  produce  a  single  plane  wave. 

Conclusions 

In  this  report,  we  have  examined  some  of  the  issues  that  arise  in  attempting  to  initiate  a  large-volume,  DF-CO2  transfer  laser  with  a 
burst  reactor.  While  several  issues  remain  to  be  settled  in  both  the  operation  of  the  burst  reactor  and  in  the  laser  kinetics,  analysis  of  a 
system  in  which  He  is  used  to  replace  some  fraction  of  the  buffer  gas  indicates  that  excellent  performance  of  the  system  may  be  expected. 
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Resonator  Stability  Effects  in  “Quadratic-Duct”  Nuclear-Reactor-Rumped  Lasers 

D.  R.  Neal,  J.  R.  Torczynski,  and  W.  C.  Sweatt 
Sandia  National  Laboratories 
Albuquerque.  NM  87185 

Abstract 

In  some  experiments  involving  reactor  pumping  of  atomic  xenon,  lasing  intensity  has  been  observed  to  change  abruptly 
well  before  the  peak  of  the  pumping  pulse.  Recent  advances  in  gasdynamic  modeling  and  laser  resonator  stability  theory  have 
shown  that  resonator  stability  transi'ions  caused  by  gasdynamically  induced  refractive  index  gradients  are  responsible  for  some 
of  these  observed  intensity  fluctuations. 


1.  Introduction 

A  number  of  experiments  involving  reactoi  pumping  of  atomic  xenon  have  been  conducted  on  research  reactors  at  Sandia 
National  Laboratories.  Lasing  has  been  observed  at  1.73  pm  and  at  2.03  pm  for  a  variety  of  pump  rales  and  gas  mixtures  1  1  . 
In  some  of  these  experiments,  abrupt  variations  in  lasing  intensity  were  seen  during  the  pumping  pulse,  including  termination  and 
subsequent  reinitiation  of  lasing  ;4j.  Many  different  effects  could  conceivably  produce  these  variations,  including  laser  kinetics, 
energy  power  loading,  line  competition,  radiation-induced  absorption,  and  cavity  alignment.  In  this  paper  the  possibility  is 
considered  that  gasdynamically  induced  refractive  index  gradients  can  attain  amplitudes  sufficient  to  change  resonator  stability. 

In  the  experiments  considered  here,  the  pumping  is  from  the  walls,  and  therefore  spatially  nonuniform  (largest  near  the  walls 
and  smallest  near  the  axis).  The  pulse  length  is  comparatively  long  (112  ms),  so  gas  motion  ran  affect  the  laser  resonator 
modes  by  producing  significant  density  gradients  (and  hence  refractive  index  gradients)  normal  to  the  optical  axis  (see  Fig  I) 
This  causes  the  laser  medium  to  act  approximately  like  a  positive  cylindrical  lens  (more  precisely,  like  a  quadratic  duct)  2  . 
and  for  large  enough  index  gradients  an  initially  stable  resonator  can  become  unstable  (3  4],  A  theory  is  developed  based  on 
the  paraxial  approximation  which  describes  the  stability  of  a  resonator  containing  a  quadratic-duct  region.  A  gasdynamics 
model  is  then  used  to  determine  the  strength  of  the  refractive  index  gradients  during  the  pumping  pulse.  Esc  of  these  two 
calculations  in  concert  allows  calculation  of  the  times  or  energy  depositions  at  which  gasdynamically  induced  laser  resonator 
stability  transitions  are  expected.  These  predictions  are  then  compared  with  the  experimentally  observed  intensity  fluctuations. 


2.  Laser  Resonator  Stability  Theory 


In  the  paraxial  approximation,  propagation  of  a  ray  is  described  by  the  ray  matrix  A  BCD  5;.  The  complex  radius  (,r 
curvature  q  for  a  Gaussian  beam  is  defined  to  be 

1  1  7  A 

(2.1) 
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where  A  is  the  wavelength.  R  the  beam  radius  of  curvature,  and  w  the  Gaussian  beam  spot  radius.  A  new  complex  curvature 
can  be  calculated  after  propagation  through  any  system  described  by  the  ray  matrix  ABC  D  using  the  relation  <),  [Aq„  * 
B)  (C  q< ,  -  D).  for  a  resonator  where  ABC D  is  the  round-trip  ray  matrix,  the  complex  curvature  must  be  the  same  after  one 
round  trip: 
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where  use  has  been  made  of  the  ray-matrix  property  that  AD  -  DC 
radius  of  curvature  R  and  the  Gaussian  beam  radius  w: 
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Combining  (2.1)  with  (2.2b)  yields  the  geoinet ri<  ill 
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where  L  is  a  normalizing  length  scale  usually  taken  to  be  the  gain  region  length,  B*  B  L  is  the  normalized  cavity  length 
parameter,  and  m  (.4  ■  D)  2  is  the  resonator  stability  parameter.  The  resonator  stability  is  entirely  determined  by  the  radical 
in  (2.3b):  the  resonator  is  stable  for  ni  -  I  and  unstable  elsewhere.  Thus,  in  plots  of  rn  vs.  time  or  energy  deposition  during 
the  laser  pulse,  resonator  stability  transitions  are  the  points  at  which  m  crosses  t  1. 

for  a  parabolic  transverse  index  gradient,  it  is  useful  to  adopt  the  notation  of  Siegman  5,  n(r)  rj„  Jjijjf  for  the 
quadratic  term,  where  i  is  measured  from  the  eenterplane  (see  Fig.  I  measurements  of  the  index  of  refraction  profile  for 
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reactor-pumped  lasers  indicate  that  the  medium  is  well  characterized  as  a  quadratic  duct  during  most  of  the  pumping  pulse 
2  ).  A  nondimensional  variable  7  ,  termed  the  index  gradient  strength  parameter ,  which  characterizes  the  transverse  refractive 
index  gradients,  can  bo  defined  for  a  medium  of  gain  length  Lg:  7*  -  Lg^n2/n0.  Following  the  approach  of  Siegman  |5j,  the 
round-trip  ray  matrix  for  a  two-mirror  linear  resonator  (Fig.  1)  is  evaluated  expanding  about  mirror  1  (the  output  coupler): 
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Here,  n  is  the  index  of  the  ambient  medium  outside  the  gain  region,  with  a  numerical  value  typically  close  to  unity.  The  matrix 
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equation  (2.1)  can  be  solved  to  determine  an  explicit  expression  for  m,  given  below: 
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Since  rn  is  a  function  of  the  resonator  geometry  parameters  and  7*,  the  stability  for  any  given  resonator  configuration  ran 
be  explicitly  determined.  For  a  given  fixed  resonator  geometry,  the  resonator  stability  parameter  will  vary  periodically  with 
increasing  7'  because  of  the  sinusoidal  terms  in  (2.5).  Points  where  m  crosses  ±1  are  the  stability  transition  points  for  the 
resonator,  and  the  corresponding  7*  values  are  the  critical  values  for  the  index  gradient  strength  parameter. 

As  an  example,  the  function  m( 7*)  is  presented  in  Fig.  2  for  several  different  cavity  geometries.  The  cavity  geometry 
parameters  have  been  normalized  by  the  gain  length  Lg  60  cm.  Since  the  index  gradient  strength  parameter  7*  increases 
monotonirally  with  time  during  a  reactor  pulse,  for  a  particular  resonator  geometry  stability  transitions  will  occur  where  m 
crosses  1.  For  example,  for  the  geometry  of  the  curve  labeled  L\*  =  0.28,  the  resonator  is  unstable  for  1.15  <  7*  <  1.50.  The 
curves  in  Fig.  2  are  almost  independent  of  gas  fill  pressure  and  composition,  varying  only  in  the  values  of  nn  and  nA ,  which 
are  very  close  to  unity  for  gas  lasers.  Thus,  for  a  given  geometry,  the  stability  transition  points  do  not  change  significantly  for 
different  gas  conditions.  What  does  change  is  the  possibility  of  the  medium  reaching  the  specified  critical  values  of  7*. 

The  location  of  the  first  stability  transition  can  be  determined  as  a  function  of  resonator  geometry  factors  in  order  to  study 
a  wider  variety  of  cases.  Figure  3  presents  the  index  gradient  strength  parameter  at  the  first  stability  transition  (refered  to 
as  the  critical  index  gradient  strength  parameter)  as  a  function  of  free  end  space  for  an  asymmetric  resonator.  This  critical 
index  gradient  strength  parameter  is  a  function  only  of  resonator  geometry  factors,  with  the  sole  assumption  being  that  the 
gain  region  is  a  “quadratic  duct.”  Since  the  resonator  geometry  can  be  varied  in  a  straightforward  fashion,  experiments  can 
be  conducted  to  infer  the  index  gradient  strength  from  stability  transition  points  by  changing  the  cavity  geometry.  Further 
parameter  studies  for  different  resonator  geometries  may  be  found  in  Reference  3. 

For  an  initially  stable  low-gain  laser,  lasing  would  occur  only  while  the  resonator  remained  stable  and  would  be  expected  to 
terminate  as  the  resonator  became  unstable.  Similarly,  an  initially  unstable  low-gain  resonator  would  begin  lasing  only  when 
the  resonator  crossed  the  stability  boundary  to  the  stable  region.  Thus,  stability  transitions  might  be  observed  experimentally 
as  terminations  or  initiations  of  lasing.  For  a  high-gain  laser,  abrupt  decreases  in  lasing  intensity  would  be  expected  for  a 
stable-to-unstable  transition  although  lasing  might  continue  even  after  the  stability  boundary  was  crossed. 

Since  resonator  stability  transitions  take  place  only  at  the  critical  7*  values  for  a  particular  resonator  geometry,  the  times  or 
energy  depositions  at  which  intensity  fluctuations  are  experimentally  observed  ran  be  compared  with  gasdynamic  computations 
of  the  times  or  energy  depositions  at  which  7*  reaches  the  critical  values.  In  addition,  since  the  stability  transition  points  arc  a 
function  only  of  resonator  geometry,  the  geometry  can  be  varied  to  produce  stability  transitions  at  different  values  of  7  .  for 
pulsed  reactor-laser  experiments,  different  7*  values  correspond  to  different  amounts  of  energy  added  to  the  laser  gas,  and  thus 
comparisons  ran  be  made  between  gasdynamic  and  experimental  results. 

3.  Gasdynamic  Theory  and  Modeling 

In  the  reartor-pumped-laser  experiments  discussed  above,  the  fission  fragments  used  to  pump  the  gas  enter  the  gas  from 
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foils,  thin  coatings  of  fissionable  material,  located  on  the  side  walls  of  the  chamber.  The  fission-fragment  power  density  is 
smallest  at  the  center  of  the  chamber  and  largest  near  the  side  walls.  This  spatial  nonhomogeneity  acts  to  drive  gas  toward  the 
centerplane  of  the  device,  producing  a  focusing  optical  duct.  Spatial  variation  in  the  neutron  flux  used  to  induce  the  fissions 
can  also  produce  some  gas  motion  along  the  laser  axis.  However,  the  gas  motion  normal  to  the  side  walls  and  hence  to  the  laser 
axis  is  of  principal  importance  for  determining  the  effect  of  gets  motion  on  laser  resonator  stability. 

The  acoustically  filtered  equations  of  motion  [4,6  9’  provide  an  accurate  description  of  the  gas  motion  induced  by  fission- 
fragment  heating.  In  the  acoustic  filtering  approach,  the  Mach  numbers  of  the  induced  flow  are  assumed  to  be  small,  so  the 
pressure  is  taken  to  be  composed  of  a  large  mean  pressure,  which  is  a  function  of  time  alone,  and  a  small  (with  respect  to  the 
mean)  temporally  and  spatially  varying  pressure  perturbation.  This  is  a  good  approximation  for  the  above  experiments,  which 
generally  have  energy-deposition  time  scales  that  are  much  longer  than  the  acoustic  time  scales  for  the  laser  chamber.  If  gas 
motion  along  the  laser  axis  is  neglected,  the  acoustically  filtered  equations  of  motion  for  the  gas  take  the  following  forms  in  a 
rectangular  geometry  (4,7  9j: 

i)q’  %  'L(pu]=o-  (3-iai,r) 

Here,  x  is  the  perpendicular  distance  from  the  centerplane  (see  Fig.  1),  p(x,t)  the  density  of  the  gas,  u(x,f)  the  velocity  of 
the  gas  (normal  to  the  foils),  q  the  ratio  of  specific  heats  for  the  gas,  p(l)  the  volume-averaged  pressure  in  the  gas,  Q(l)  the 
volume-averaged  power  density,  and  Q(z,t)  -  Q(x,t)  Q(t )  the  amount  by  which  the  local  value  of  the  power  density  differs 
from  the  mean.  The  power  density  Q  uses  the  fission-fragment  energy  deposition  model  of  Miley  and  coworkers  (9,10:. 

The  form  of  <2  allows  the  above  system  of  equations  to  be  solved  analytically  -4,6  9],  and  the  calculations  discussed  in  the 
remainder  of  this  section  were  performed  using  a  computer  code  which  evaluates  this  analytical  solution.  It  is  found  that  the 
normalized  pressure  rise  (p  --  p0) < p0  is  the  only  dynamic  variable  on  which  the  density  field  depends:  the  time  rate  of  change  of 
p  does  not  enter  into  the  solution  I8,9j.  This  rate-independent  nature  of  the  gas  motion  allows  generic  curves  to  be  computed 
describing  experiments  which  have  the  same  initial  conditions  but  quite  different  power-density  histories.  In  Fig.  4.  curves 
relating  the  variation  of  q*  to  the  normalized  pressure  rise  (p  -  pn)/po  are  presented  for  several  gas  mixes  used  in  a  recent  series 
of  experiments.  Note  that  by  the  ideal  gas  law  the  normalized  pressure  rise  is  equal  to  the  normalized  energy  deposition  (I he 
ratio  of  the  deposited  energy  A  E  to  the  initial  thermal  energy  Ea  in  the  gas),  (p  -  p0)/Po  -  A Ej E0.  The  gas  mixtures  and  iuil  ial 
temperatures  for  the  analyzed  cases  arc  shown  in  Table  1.  Curves  like  those  discussed  in  this  section  are  useful  for  separating 
gasdynamic  effects  from  other  potential  causes  of  intensity  fluctuations.  They  are  also  useful  in  delineating  the  parameter  spare 
in  which  a  cavity  remains  stable,  for  a  specified  chamber  geometry,  gas  mix,  and  energy  deposition,  the  maximum  value  of 
q*  that  will  be  produced  during  the  pumping  pulse  can  be  determined,  regardless  of  the  specifics  of  the  power-density  history. 
Mirror  locations  and  radii  of  curvature  can  then  be  selected  so  as  to  place  the  critical  value  of  q*  for  resonator  instability  above 
the  maximum  value  that  will  be  en  ountered  in  the  experiment.  Also,  if  cavities  of  other  lengths  are  considered,  the  new  q‘ 
values  for  the  cases  listed  in  Table  1  can  be  determined  directly  from  Fig.  4  since  q*  is  proportional  to  the  chamber  length.  Of 
course,  the  laser  resonator  stability  theory  would  have  to  be  used  to  determine  new  critical  values  for  q*. 


Table  1.  Specifications  for  Generic  Simulations. 


Case 

T(  K) 

Pm,  (kPa) 

Pm  (kl’a) 

PXe  (kf’a) 

Gap  Width  (cm) 

Gain  Length  (cm) 

A  3539 

295 

105.0 

105.5 

1.081 

^  TX - 

60.0 

A 

300 

68.9 

68.9 

0.240 

1.0 

60.0 

B 

300 

51.7 

51.7 

0.147 

1.0 

60.0 

C 

300 

172.3 

34.5 

0.173 

1.0 

60.0 

I) 

300 

,  258.5 

:  i 7.2 _ 

0. 1 73 

]  _  10 _ 

60.0  i 

4.  Comparison  of  Theoretical  and  Experimental  Results 

Two  series  of  experiments  have  been  conducted  using  reactor-pumped  lasers  to  investigate  stability  transition  effects.  In  the 
first,  a  cell  with  a  given,  fixed  geometry  was  filled  with  a  Hle/Ar/Xe  mixture  to  30  psi  and  pumped  with  significant  energy  (see 
Fig.  5  for  a  schematic  diagram  of  the  experimental  setup).  In  this  experiment  (designated  A 35.39),  multiple  stability  transitions 
were  observed.  Since  this  experimental  configuration  did  not  lend  itself  well  to  changing  the  resonator  geometry,  a  second 
experiment  series  was  conducted  based  around  a  more  flexible  experimental  apparatus.  In  this  series,  the  cavity  length  was 
varied  from  experiment  to  experiment  by  selecting  different  values  for  the  Tree-end  spacing  L\  (see  Fig.  1).  Times  at  width 
intensity  fluctuations  occurred  were  recorded  for  each  individual  experiment. 

In  experiment  A3539,  two  intensity  fluctuations  were  observed  [4|:  lasing  first,  terminated  and  soon  thereafter  reinitiated 
early  in  the  pumping  pulse  (see  f  ig.  6).  Time-resolved  pressure-rise  and  neutron-flux  measurements  for  this  experiment  thus 
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albm  calculation  of  i In'  times  and  energy  depositions  at  which  the  intensity  fluctuation!!  occurred.  Experiment  A3539  involved 
a  mixture  of  ‘He.  Ar.  and  Xe  (see  Table  1).  The  gas  was  contained  in  a  1.5  cm  «.  GO  cm  rectangular  enclosure  and  pumped 
using  1-inn  l  ()_.  toils  mounted  on  the  side  walls.  The  energy  deposition  pulse  is  reasonably  described  by  a  Gaussian  function. 
e\p{  \l  f|)  I  .  where  I  I. 7  ms  and  1.25  ms.  An  amplitude  of  0.2579  kW/cm*  used  as  input  to  the  gasdynamic 

model  yields  the  experimentally  observed  pressure  rise  of  1103  kl’a  (1G0  psi).  Figure  7  shows  the  gasdynamic  computation  of 
the  time  variation  of  ’ .  The  experimental  points  on  this  figure  correspond  to  measurements  from  Fig.  6  of  the  times  at  which 
the  lasing  terminates  and  reinitiates.  If  the  experimentally  observed  intensity  fluctuations  result  from  gasdynamically  induced 
laser  resonator  stability  transitions,  then  these  times  should  correspond  to  -y*  values  of  1.15  and  1.50,  the  first  two  critical  values 
for  resonator  stability  transitions  for  this  geometry  (the  dashed  curve  on  Fig.  3  represents  this  experimental  geometry).  'The 
good  agreement  seen  in  Fig.  7  between  the  experimental  data  and  the  theoretical  predictions  thus  suggests  that  gasdynamically 
induced  laser  resonator  stability  transitions  are  responsible  for  the  intensity  fluctuations  observed  in  experiment  A3539. 

In  the  second  series  of  experiments,  corresponding  to  Cases  A  I).  data  were  obtained  for  four  different  gas  mixes,  with 
several  different  /. i  values  for  each  mixture.  Stability  transitions  were  observed  as  sharp  changes  in  the  laser  intensity.  Since 
t  hi-  reactor-laser  configuration  produced  considerably  higher  gain  than  in  the  previous  experiment,  the  laser  was  observed  to 
continue  lasing  at  a  reduced  level  after  the  stability  transition  occurred.  With  this  configuration,  the  total  energy  deposition 
into  tiie  laser  gas  (0.2  0.3  .1  cm1)  was  not  sufficient  to  induce  multiple  stability  transitions,  so  only  one  transition  was  expected 
during  each  experiment.  \  typical  laser  signal  is  presented  in  Fig.  8.  which  also  includes  curves  describing  the  pumping  pulse 
and  the  pressure  history  measured  with  a  transducer  located  at  the  end  of  the  cell  (the  intensity  fluctuation  is  the  sudden  sharp 
drop  in  the  laser  signal  seen  at  2.13  ms). 

Results  from  many  experiments  such  as  the  one  shown  in  Fig.  8  can  be  condensed  into  a  form  which  can  be  compared  to  the 
theoretical  results  of  Fig.  G.  The  amount  of  energy  added  to  the  laser  gas  up  to  the  stability-transition  time  ran  be  calculated 
h\  comparing  the  integral  of  t he  pumping  pulse  up  to  the  stability-transition  time  to  the  total  integral  of  the  pumping  pulse. 
Since  the  measured  total  pressure  rise  is  proportional  to  the  total  energy  added  to  the  gas  (which  in  turn  is  proportional  to  I  fie 
total  integral  of  the  pumping  pulse),  the  energy  deposited  in  the  gas  at  transition  ran  be  calculated.  When  normalized  by  the 
thermal  energy  initially  present  in  the  gas  occupying  the  pumped  region  prior  to  pumping,  this  normalized  energy  deposition  is 
equivalent  to  the  normalized  pressure  rise  of  the  gasdynamirs  model,  as  discussed  in  the  previous  section.  :ln  the  experimental 
apparatus,  there  is  some  unpumped  volume  into  which  gas  ran  flow.  This  necessitates  scaling  the  measured  pressure  rise  by  the 
ratio  of  the  total  internal  volume  to  the  pumped  volume,  here  1.289.  to  determine  the  equivalent  pressure  rise  that  would  have 
been  measured  in  the  absence  of  unpumped  regions.  If  a  gasdynamically  induced  resonator  stability  transition  is  responsible 
for  an  experimentally  observed  intensity  fluctuation,  then  the  index  gradient  strength  parameter  must  have  readied  the  critical 
value  calculated  from  the  stability  theory  for  the  given  resonator.  Since  the  critical  index  gradient  strength  parameter  is  a 
function  of  resonator  geometry  alone.  Fig.  3  can  be  used  to  infer  the  index  gradient  strength  at  transition  for  each  value  /, ,  (the 
chain-dotted  curve  on  Fig.  3  represents  the  experimental  geometry  used  for  this  series).  To  test  this  hypothesis,  the  normalized 
energy  deposition,  as  determined  by  the  gasdynamic  model,  was  plotted  against  the  index  gradient  strength  parameter  for 
Cases  A  I)  (see  Figs.  9  12).  and  the  normalized  energy  depositions  at  experimentally  observed  intensity  fluctuations  were 
plotted  on  the  same  graph  assuming  they  occurred  at  the  calculated  critical  values  of  the  index  gradient  strength  parameter. 
The  close  agreement  seen  in  these  figures  provides  strong  evidence  that  gasdynamically  induced  resonator  stability  transitions 
are  indeed  responsible  for  some  of  the  observed  intensity  fluctuations.  It  should  be  noted  that  the  converse  is  also  true 
iniensiiv  Tuutuations  of  the  sort  shown  in  Fig.  8  were  not  observed  in  experiments  for  which  the  combination  of  gasdynamic 
modeling  and  resonator  stability  theory  predicted  that  gasdynamically  induced  stability  transitions  would  be  absent. 


5.  Conclusions 

In  some  reactor-pumped  atomic-xenon  laser  experiments,  fluctuations  in  lasing  intensity  during  the  pumping  pulse  have 
been  observed.  While  laser  kinetics,  line  competition,  radiation  induced  loss,  and  cavity  misalignment  are  possible  causes  of 
such,  fluctuations,  it  has  been  shown  that  gasdynamic  effects  on  resonator  stability  are  responsible  for  some  of  the  observed 
duct  nations. 

A  methodology  has  been  developed  that  allows  prediction  of  gasdynamically  induced  resonator  stability  transitions.  This 
t  heorv  predicts  resonator  stability  as  a  function  of  a  single  parameter  l  * ,  which  characterizes  the  strength  of  the  index  gradients 
in  the  medium  For  a  given  laser  cavity  geometry,  the  resonator  will  exhibit  cyclic  stability  transitions  for  increasing  values 
of  Gasdynamic  calculations  allow  the  determination  of  the  time  variation  of  V  for  specific  experiments.  The  gasdynamic 
computations  of  -  ‘  ran  thus  be  used  to  find  the  ‘  values  for  the  times  at  which  stability  transitions  were  observed.  Good 
agreement  is  found  between  these  y*  values  and  the  critical  -y*  values  determined  by  the  resonator  stability  theory,  indicating 
that  gasdvnamicallv  induced  laser  resonator  stability  transitions  account  for  some  of  the  experimentally  observed  intensity 
Hurt  u  h  t  ions. 

I-'or  a  given  mixture  ami  resonator  geometry,  it.  is  possible  to  predict  the  index  gradient  strength  based  only  on  'lie 
normalized  energy  deposition  into  the  laser  gas  (independent,  of  the  pumping  rate),  so  experiments  pumped  at  entirely  different 
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rates  can  easily  be  compared,  provided  pump  times  arc  long  enough  to  allow  significant  gas  motion.  This  allows  immediate 
determination  of  the  experiments  in  which  gasdynamically  induced  stability  transitions  play  a  role.  The  combination  of  gas- 
dynamic  modeling  and  resonator  stability  analysis  is  thus  capable  of  discriminating  gasdynamically  induced  resonator  stability- 
transitions  from  other  effects  as  causes  of  experimentally  observed  intensity  fluctuations. 
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Figure  1.  Linear,  two-mirror  resonator  geometry.  The  spa-  Figure  2.  The  resonator  stability  parameter  m  =  (A  +  D)/2 
tiallv  nonuniform  pumping  causes  gas  to  move  toward  the  axis,  as  a  function  of  the  index  gradient  strength  parameter  -y* . 

for  L\*  =  L\/Lg  - 0.0  (solid  curve),  0.15  (dotted  curve),  0.28 
(dashed  curve,  corresponding  to  experiment  A3539),  0.5  (chain- 
dotted  curve),  and  1.0  (chain-dashed  curve),  L2*  ^ 

0.05,  Rx*  =  R\/Lg  ~  oo,  R2*  55  Ri/Lg  ~  8.33,  and 

Z/9  -  0.012.  The  resonator  is  stable  if  and  only  if  | rn  ■  1 . 


Figure  3.  Critical  value  of  -/  as  a  function  of  L\  ‘  for  an  asym¬ 
metric  resonator  with  L2*  0.05,  R\  *  -  oo,  and  R2‘  oo 

(solid  curve),  16.67  (dotted  curve),  8.33  (dashed  curve,  A3539), 
3.33  (chain-dotted  curve.  Cases  A  D),  and  1.67  (chain-dashed 
curve). 


Normalized  Energy  Deposition 

Figure  4.  Variation  of  -y*  with  normalized  energy  deposition 
(normalized  pressure  rise)  for  the  cases  in  Table  1.  Case  A 
(solid),  Case  B  (dotted),  Case  C  (dashed).  Case  D  (chain- 
dotted),  Case  A3539  (chain-dashed).  The  rightmost  point  on 
each  curve  corresponds  to  an  energy  addition  of  1.0  J/'rnr. 
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Figure  5.  Schematic  diagram  of  the  experimental  apparatus  Figure  6.  The  time  variations  of  the  observed  lasing  intonsiu 
used  in  experiment  A3539.  (solid  curve)  and  the  pumping  pulse  (dotted  curve)  for  A 3339. 

The  total  energy  deposition  in  this  case  was  1.6  J/crrr*. 


Time  (ms) 


Figure  7.  The  time  variation  of  ~t * ,  as  determined  by  gas- 
dynamir  calculations,  is  shown  for  A3539.  The  solid  squares 
correspond  to  the  measured  time  at  which  lasing  was  observed 
to  terminate  (7*  =  1.15),  and  the  solid  circles  correspond  to 
the  measured  time  at  which  lasing  was  observed  to  reinitiate 
(V  1.50).  The  slight  spread  results  from  the  experimental 
uncertainty  in  fixing  exact  termination  and  reinitiation  times. 
The  close  agreement  indicates  that  gasdynamically  induced  res¬ 
onator  stability  transitions  are  responsible  for  the  observed  in¬ 
tensity  fluctuations  in  this  experiment. 


Time  (ms) 

Figure  8.  Time  variations  of  the  laser  intensity  (solid  curve), 
the  pumping  pulse  (dashed  curve),  and  the  pressure  (long- 
dashed  curve)  for  experiment  S6302. 
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Figure  9.  Normalized  energy  deposition  (normalized  pressure 
rise)  is  plotted  against  ■*> *  for  Case  A.  The  solid  points  are 
experimental  measurements,  and  the  line  is  the  gasdynarnic 
calculation.  One  experiment  corresponds  to  one  value  of  L\. 
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Figure  11.  Normalized  energy  deposition  (normalized  pres¬ 
sure  rise)  is  plotted  against  m  for  Case  C.  The  solid  points  are 
experimental  measurements,  and  the  line  is  the  gasdynamir 
calculation.  One  experiment  corresponds  to  one  value  of 
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Figure  10.  Normalized  energy  deposition  (normalized  pres¬ 
sure  rise)  is  plotted  against  ■)*  for  Case  B.  The  solid  points  are 
experimental  measurements,  and  the  line  is  the  gasdynamir  <  al- 
culation.  One  experiment  corresponds  to  one  value  of  L\.  Note 
that  the  ordinate  scale  differs  from  Figs.  9,  11,  and  12. 
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Figure  12.  Normalized  energy  deposition  (normalized  pres¬ 
sure  rise)  is  plotted  against  for  Cruse  D.  The  solid  points  are 
experimental  measurements,  and  the  line  is  the  gasdynamir 
calculation.  One  experiment  corresponds  to  one  value  of  L  \ . 
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Abstract 

We  have  investigated  the  excimers  formed  in  liquid  argon  when  various  cryogenic  gas  mixes  were  excited  by  1-MeV 
electrons.  Fluorescence  was  detected  from  many  excimers  at  their  new  red-shifted  wavelengths,  and  XeO,  Xe2,  and  Kr2 
were  lased. 


Introduction 

The  efficacy  of  excimer  and  exciplex  molecules  in  gas  lasers  has  been  well  established;  the  commercial  availability  of 
exciplex  uv  lasers  has  created  a  host  of  new  applications  in  both  science  and  industry.1  Excimers  (and  exciplexes)  in  a 
liquid  state  are  of  interest  for  several  reasons.  The  physical  factors  and  high  gain  implie'1 '  .  high  excited-state  densities 
could  engender  compact,  high-energy  designs  rather  like  cryogenic  dye  lasers.  In  addiL  e  changing  red-shifts  of  the 
emission  wavelengths  in  various  liquid  hosts2  (usually  tens  of  nanometers)  will  create  an  extensive  set  of  new  laser 
wavelengths. 

Although  it  is  not  common  knowledge,  the  first  excimer  lasers  were  liquid-state  excimers.  In  early  1970  Shank  et  al. 
published  a  series  of  experiments  demonstrating  gain  and  lasing  from  optically  pumped  large  polyatomic  exciplexes 
based  on  dye  molecules.3  5  More  pertinent  to  the  subsequent  mainstream  of  research,  lasing  of  a  dimer  excimer  was  first 
accomplished  in  late  1970  by  Basov  et  al.,6  who  formed  and  lased  Xe2  in  e-beam-pumped  liquid  xenon.  Aside  from 
some  isolated  efforts  such  as  the  nuclear  pumping  of  liquids7  theory  and  experiment  then  mostly  turned  to  gas-phase 
excimers,  although  Shahidi  et  al.8  recently  lased  optically  pumped  XeF  at  404  nm  in  liquid  argon. 

We  have  investigated  liquid-argon-based  excimers  under  e-beam  excitation  from  a  1-MeV,  40-ns  source.  This  pump¬ 
ing  method  lacks  the  selectivity  of  optical  pumping,  but  was  quite  effective  in  some  cases;  XeO,  Xe2,  and  Kr2  all  lased.  In 
some  sense  the  e-beam  excitation  represents  the  final  step  of  any  "nuclear"  pumping  technique,  and  thus  has  importance 
beyond  the  scope  of  this  study. 


Apparatus 

A  schematic  of  the  cryogenic  laser  cell  is  shown  in  Fig.  1 .  The  vacuum-isolated  cell  was  cooled  by  pulses  of  liquid 
nitrogen  vapor  regulated  by  a  thermocouple-driven  temperature  controller  which  maintained  cryogenic  temperatures  to 
better  than  ±1  K.  The  1-MeV,  40-ns  e-beam  pump  pulse  entered  the  side  of  the  cell  through  a  50-pm  nickel  foil.  The  e- 
beam  energy  deposited  in  the  lasing  medium  was  0.3  J,  measured  calorimetrically.  The  penetration  depth  of  the  elec¬ 
trons  in  liquid  argon  limited  the  active  volume  to  about  a  2-mm  depth;  the  height  was  2  mm  and  the  length  19  mm;  thus, 
the  pump  power  density  was  on  the  order  of  100  MW/cm3.  Both  mirrors  were  mounted  directly  on  the  ends  of  the  cell  and 
sealed  with  spring-loaded  calcium-lead  allov  gaskets  to  the  diamond-turned  faces  of  the  OFHC  copper  body.  This  seal¬ 
ing  system  survived  many  pressure  and  thermal  cycles  from  room  temperature  down  to  nominal  operating  conditions 
(104  K  and  2.8  atm)  and  back.  The  high-reflector  was  usually  an  overcoated  aluminum  film  on  a  concave  10-cm  radius 
substrate  and  the  output  coupler  was  flat,  varying  from  a  bare  magnesium  fluoride  window  to  another  HR  as  required. 

Early  in  these  investigations  we  found  that  if  the  argon  host  were  contaminated  by  oxygen  at  tens  of  parts  per  billion, 
the  only  emission  that  would  appear  would  be  the  fluorescence  of  ArO  in  the  green,  no  matter  what  the  ostensible  mix 
was.  This  acute  sensitivity  to  impurity  oxygen  was  not  found  by  Rhodes'  group  in  optically  pumped  mixes,9  but  has  been 
noted  in  studies  of  solid  rare  gases.10  In  our  case  it  proved  sufficient  to  purify  the  research-grade  argon  gas  by  flowing  it 
through  a  Hydrox  Ti-gettered  purifier.  As  most  of  our  mixes  contained  less  than  1%  of  the  lasing  species,  mixing  was 
usually  carried  out  in  two  steps.  A  primary  mix  was  made  with  several  percent  of  the  lasant  (all  mix  values  are  room 
temperature  pressure  ratios),  which  was  further  diluted  with  argon  to  the  desired  concentration.  When  the  final  mix  was 
well  homogenized,  it  was  directly  condensed  in  the  cold  optical  cell.  We  tried  to  maintain  the  accuracy  of  the  mix  by 
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always  starting  runs  at  the  lowest  concentrations  and  moving  monotonically  to  richer  mixes.  This  procedure  minimized 
the  influence  of  residual  gases  in  the  system  on  the  concentrations. 

The  reproducibility  of  the  lasing  results  was  greatly  improved  when  we  added  the  pump  shown  in  the  cell  schematic  of 
Fig.  1 .  The  stirring  afforded  by  the  centrifugal  pump  both  prevented  thermal  striations  and  kept  the  additives  from  forming 
large  ice  crystals  (most  had  limited  solubility  in  argon  at  the  operating  temperature  of  the  laser).  The  efficacy  of  the  circu¬ 
lation  could  be  appreciated  by  aligning  a  He-Ne  laser  beam  through  the  cell  when  it  was  equipped  with  a  pair  of  win¬ 
dows.  When  the  pump  was  turned  off,  the  He-Ne  beam  broke  up  in  a  matter  of  seconds  as  thermal  layering  took  place. 
The  10-mm  diameter  pump  was  run  at  1500  rpm  by  a  magnetically  coupled  external  motor. 

The  temporal  measurements  of  the  lasing  and  the  sidelight  fluorescence  were  made  with  appropriate  photodiodes. 
Energies  were  also  inferred  from  the  photodiode  signals  after  calibration  (in  the  exact  geometries  used)  with  known  laser 
beams.  Vacuum  uv  spectral  measurements  were  made  with  a  vacuum  spectrometer;  the  output  was  viewed  by  a  Tracor 
Northern  intensified  diode  array  through  a  magnesium  fluoride  input  window.  This  setup  successfully  detected  Ar2  fluo¬ 
rescence  at  130  nm,  demonstrating  more  than  adequate  short-wavelength  sensitivity. 

Fluorescence  Results 


Rare  Gas  Dimers 

In  Fig.  2  we  show  the  emission  spectra  of  the  three  rare-gas  dimers,  Ar2,  Kr2,  and  Xe2.  For  the  spectra  shown,  the 
krypton  and  xenon  were  at  concentrations  of  10%  and  0.01%,  respectively.  The  low  xenon  level  was  chosen  to  show  an 
accompanying  atomic  xenon  peak,  which  quenched  out  at  higher  concentrations.  The  maximum  photodiode  signals  ob¬ 
served  from  these  three  species  (with  constant  conditions  and  nearly  constant  photodiode  response  over  these  wave¬ 
lengths)  were  60  mV  for  the  Ar2,  2.8  V  for  the  Kr2,  and  6.0  V  for  the  Xe2.  The  peaks  were  red-shifted  by  2-3  nm  from  their 
gaseous  wavelengths,  depending  on  the  concentration  of  the  donor.  Subsequently,  Kr2  and  Xe2  lased,  which  will  be 
discussed  in  a  later  section. 

Arqon/Donor  Binary  Mixtures 

The  rare-gas  oxides  are  interesting  excimers  that  lase  on  thinly  disguised  singlet  oxygen  transitions.11  The  ArO 
transition  and  that  of  KrO  are  almost  identical  to  the  oxygen  green  auroral  transition  itself,  and  all  occur  at  558  nm.  (XeO, 
however,  will  be  seen  to  be  more  strongly  bound.)  ArO,12  KrO,13  and  XeO13-15  have  all  been  lased  in  high-pressure 
gases  on  the  auroral  transition  (1S-1D  or  the  molecular  21£+  - 11!*)  near  the  557.7  nm  of  the  unpertured  oxygen  line. 
Figure  3  shows  the  ArO  peak  generated  by  100  ppb  of  N20  in  Ar  (the  N20  donor  was  more  effective  than  02,  and  became 
our  standard  oxygen  donor).  This  peak  could  still  be  detected  with  less  than  10  ppb  of  oxygen  donor  in  the  system.  The 
ArO  peak  was  quite  bright  and,  curiously,  increased  strongly  when  the  liquid  mixture  was  solidified. 

The  formation  of  trimers  is  expected  to  occur  in  high  concentrations  of  the  noble  gas  component.  Thus,  donors  of  F 
and  Cl  in  pure  liquid  Ar  produced  trimer  excimers  in  addition  to  Ar2.  Figures  4  and  5  show  the  resultant  Ar2F  and  Ar2CI 
(we  preferred  NF3  over  F2,  as  NF3  was  as  effective  a  fluorine  donor,  but  much  easier  to  handle).  These  broad  peaks 
were  both  red-shifted  from  their  gaseous  central  wavelengths  of  285  and  245  nm  by  20  nm.  Note  that  upon  solidification 
the  red  shift  increased 

Krypton  Plus  Donor  in  Argon 

This  family  of  mixes  was  the  least  successful  of  our  excimer-producing  liquids,  forming  strong  Kr2  but  only  weak  emis¬ 
sions  from  KrF,  KrCI,  Kr2F,  and  KrO. 

Xenon  Plus  Donor  in  Argon 

All  three  donors  produced  bright  fluorescence,  once  the  proper  relative  concentrations  were  found.  The  data  shown 
were  taken  with  xenon/donor  ratios  of  1/1.  XeO  lased  and  will  be  discussed  later. 

The  donors  NF3  and  Freon-1 1  produced  complete  sequences  of  XeF  and  XeCI,  as  shown  in  Fig.  6.  It  is  obvious  that 
the  e-beam  pumping  excited  all  the  transitions  of  the  molecules,  and  we  were  not  able  to  force  it  to  be  more  specific  in  its 
excitation.  Large  red  shifts  are  evident  in  the  (B-X)  transitions,  which  are  the  normal  lasing  transitions.  In  gas  lasers 
these  occur  at  308  nm  (XeCI)  and  352  nm  (XeF),  but  in  liquid  Ar  we  saw  these  (B-X)  transitions  shifted  to  352  and  405  nm. 
The  concentrations  were  10  ppm  for  the  NF3/Xe  run  and  100  ppm  for  the  FR-1 1/Xe  data. 


Of  the  rare  gases,  xenon  has  the  most  profound  effect  on  excited  oxygen.  The  1D  state  (the  molecular  1  state)  of 
XeO  is  bound  enough  to  support  vibrational  levels,  which  are  seen  in  the  fluorescence  spectra  of  gaseous,  liquid,  and 
solid16  forms.  Thus,  the  XeO  lasing  transition  terminates  on  a  lightly  bound  valence  state,  unlike  most  excimer  transitions 
to  repulsive  ground  states.  However,  curve  crossings  insure  the  rapid  deactivation  of  the  1D  state  by  collisions  with  rare- 
gas  elements.17 
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We  used  N20  for  the  oxygen  donor  because  we  anticipated  photolytic  production  of  singlet  oxygen;  A r2  radiation  of 

130  nm  is  extremely  effective  at  producing  singlet  oxygen  from  this  molecule.18  We  then  disproved  our  own  hypothesis 
by  trying  C02  for  the  oxygen  donor  and  finding  that  the  XeO  still  lased,  even  though  there  was  no  source  of  the  1 10-nm 
photons  required  to  dissociate  C02.  This  suggests  that  the  photolytic  production  of  singlet  oxygen  does  not  control  the 
formation  of  XeO',  as  concluded  by  Kligler  et  al.19  Even  at  liquid  densities  the  formation  of  XeO*  is  probably  diffusion- 
controlled,  since  the  gaseous  deactivation  rate  of  O^S)  in  argon  gas20  is  only  5  x  10‘18  cm3  sec'1. 

Spectral  narrowing  upon  lasing  is  shown  in  Fig.  7,  a  plot  that  contrasts  the  broad  XeO  sidelight  fluorescent  spectrum 
with  the  endlight  from  the  HR-HR  cavity.  The  lasing  line  was  a  single  0.9-nm-wide  line  centered  at  547  nm.  This  wave¬ 
length  corresponds  to  the  0-6  vibrational  transition  (red-shifted  from  544  nm  in  gas) 21  and  is  easily  spectrally  located  by 
the  obvious  side-scattered  lasing  peak  superimposed  on  the  fluorescence  spectrum.  The  0-5  peak  is  stronger,  both  in 
gaseous  or  liquid-state  fluorescence  and  in  the  lasing  obtained  in  high-pressure  gases,  but  despite  our  broad-band 
mirrors  we  did  not  observe  lasing  on  the  540-nm  0-5  vibrational  transition.  We  fortuitously  had  an  output  coupler  with  a 
reflectance  edge  that  fell  off  through  the  wavelength  of  the  0-6  transition.  With  that  output  coupler  in  the  cavity,  we  saw 
simultaneous  lasing  on  the  0-5,  0-4,  and  0-3  transitions.  The  numbering  of  the  vibrational  transitions  is  a  subject  of  some 
controversy,  and  is  quite  different  in  the  solid-phase  spectra  reported  by  Goodman  et  al.16  Bearing  in  mind  that  solid- 
phase  wavelengths  are  red-shifted  somewhat  beyond  those  of  the  liquid,22  we  lased  on  what  they  identified  as  the  0-10 
line,  which  again  is  the  second  strongest  in  fluorescence. 

The  time  histories  of  the  sidelight  and  endlight  are  illustrated  in  Fig.  8,  and  demonstrate  depletion  of  the  upper  state  in 
the  fluorescence;  without  lasing,  the  trailing  edge  of  the  fluorescence  was  a  smooth  function  of  time.  The  initial  fluores¬ 
cence  spike  at  20  ns  was  a  consistent  feature  contributed  by  the  argon  host  in  all  mixes  and  in  pure  argon  alone.  Lasing 
did  not  start  until  well  after  the  e-beam  was  gone,  as  was  also  seen  in  high-pressure  gases.13  The  multiple  lasing  pulses 
exhibited  a  pattern  normally  associated  with  gain-switched  spiking.  The  width  (FWHM)  of  the  first  pulse  was  3  ns. 

We  roughly  mapped  out  the  field  of  xenon  and  N20  combinations  that  produced  lasing  with  the  HR-HR  optical  cavity, 
and  these  data  are  shown  in  Fig.  9.  Changes  in  the  cavity  or  pumping  parameters  will  modify  this  lasing  field,  but  the  data 
generally  suggest  a  preference  for  N20-rich  mixes  and  considerable  tolerance  in  concentrations.  While  lasing  at  the 
edges  of  the  field  was  clearly  degraded,  no  patently  superior  mix  was  observed  within  the  main  body  of  the  lasing  ratios. 

The  spectral  lasing  signals  (integrated  over  time)  were  calibrated  against  the  spectral  areas  and  measured  energies 
of  532-nm  pulses  from  a  doubled,  q-switched  Nd:YAG  laser.  This  procedure  led  to  the  conclusion  that  with  the  HR-HR 
cavity,  the  XeO  laser  output  energy  was  on  the  order  of  0.1  pj.  A  flat  output  coupler  with  88%  transmission  at  547  nm  was 
then  tried  in  combination  with  the  curved  HR,  and  the  laser  produced  0.1  mJ.  To  overcome  the  mirror  losses,  the  gain  (y0) 
was  at  least  23%  per  centimeter.  We  can  estimate  a  minimum  inversion  density  (AN)  from  the  relationship: 

AN  =  Yo^se  .  (1) 

In  the  spirit  of  making  a  rough  estimate,  we  will  use  the  gaseous  stimulated  emission  cross  section  (ose)  value23  of  10'17 
cm2,  and  conclude  that  the  inversion  density  was  at  least  2  x  1016  cnr3.  A  mix  containing  30  ppm  of  Xe  and  N20  contains 

6  x  1017  of  each,  which  is  thus  the  maximum  possible  density  of  XeO.  Our  estimated  inversion  density  is  a  reasonable 
fraction  of  that. 


Lasing  Xe2  and  Kro 

The  lasing  line  of  Xe2  centered  on  the  fluorescence  peak  at  175  nm  and  narrowed  to  1.0  nm  wide  at  half-maximum 
(the  fluorescence  was  9.0  nm  wide).  Note  that  in  the  gas  phase  lasing  occurs  at  172  nm;  the  red  shift  in  the  liquid  is  small 
because  Xe2  (and  Kr2)  molecules  are  homopolar.24  In  contrast,  the  red  shift  of  the  lasing  line  for  the  polar  molecule  XeF 
in  liquid  argon  was  53  nm  (Fig.  6). 

Figure  10  illustrates  the  temporal  characteristics  of  the  sidelight  and  lasing.  The  fluorescence  reflects  the  40-ns  pump 
pulse  shape  with  a  depletion  notch  at  the  moment  of  lasing;  the  lasing  pulse  was  about  4  ns  wide.  While  these  data  sug¬ 
gest  more  straightforward  kinetics  than  the  XeO  data,  the  lasing  pulse  is  not  without  interest,  as  it  is  not  symmetric  to  the 
fluorescence  peak.  Both  of  these  Xe2  figures  are  data  from  a  0.1%  mix,  which  was  near  optimum  for  energy  and  repro¬ 
ducibility,  although  mixes  from  0.05  to  1 5%  Xe  lased.  In  Fig.  1 1  we  show  the  increasing  red  shift  in  the  lasing  wavelength 
as  the  xenon  concentration  was  increased,  caused  by  the  increasing  average  molecular  weight  of  the  local  environment 
surrounding  each  lasing  molecule. 

The  best  Xe/Ar  mixes  would  lase  with  a  bare  magnesium  fluoride  window  as  the  output  coupler.  The  output  from  this 
setup  was  attenuated  by  several  90-degree  reflections  (from  bare  magnesium  fluoride  windows)  and  detected  by  a 
previously  calibrated  (at  193  nm)  photodiode.  This  measurement  yielded  a  reproducible  energy  output  of  10  mJ.  To 
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cross-check  this  number,  we  put  a  piece  of  burn  paper  on  the  output  window;  when  compared  to  burns  taken  at  193  nm, 
this  rough  energy  measurement  indicated  a  value  greater  than  5  mJ.  A  less  quantitative  but  more  dramatic  measure  of 
the  lasing  energy  was  the  clean  hole  blown  in  the  Al  coating  of  the  high  reflector  after  some  tens  of  shots.  At  10  mJ,  the 
tiny  lasing  volume  produced  better  than  100  J/L,  a  beam  with  10  MW/cm2,  and  a  gain  of  at  least  35%/cm.  The  output  was 
3%  of  the  deposited  e-beam  energy,  a  number  that  is  close  to  the  efficiency  found  in  large  high-pressure  e-beam-pumped 
Xe2  lasers.25 

The  mixes  of  Kr/Ar  clearly  had  less  output  than  the  Xe2,  and  required  a  pair  of  high  reflectors  to  induce  lasing;  at  147 
nm  the  "HRs"  were  down  to  80%  reflectivity  and  leaked  enough  of  the  beam  to  be  useful  for  diagnostics.  Figure  12  shows 
the  temporal  narrowing  of  the  lasing  compared  to  the  fluorescence.  The  time  behavior  was  much  like  that  of  Xe2.  The 
lasing  wavelength  occurred  at  the  peak  of  the  fluorescence,  and  was  narrowed  from  8.0  nm  to  1 .0  nm  at  half-maximum. 
The  range  of  concentrations  that  lased  was  acout  0.3-20%  krypton.  In  both  Kr2  and  Xe2  the  high  concentration  cutoff  was 
caused  by  the  formation  of  slush  (seen  both  by  the  slowing  of  the  pump  and  a  lack  of  He-Ne  beam  transmission  through 
the  cell).  The  red  shift  with  increasing  concentration  was  not  measured  for  krypton.  The  lasing  was  rather  erratic,  but 
comparisons  of  the  leakage  signal  through  a  common  aluminum-coated  HR  showed  the  energy  to  be  down  an  order  of 
magnitude  from  the  Xe2  output.  This  would  imply  an  energy  density  in  the  medium  of  some  tens  of  joules  per  liter. 

Conclusions 

We  have  investigated  a  new  class  of  e-beam-excited  excimer  lasers  based  on  commonly  employed  excimeric  species 
dissolved  in  a  cryogenic  liquid  argon  host.  We  observed  the  fluorescence  of  noble-gas  fluorides,  oxides,  dimers,  and 
noble-gas  trimers,  all  excited  with  1-MeV  electrons.  Laser  action  was  observed  from  XeO,  Kr2  and  Xe2.  The  Xe2  dimer 
was  found  to  lase  with  3%  efficiency,  producing  10  mJ  when  pumped  with  300  mJ  of  deposited  e-beam  energy. 

This  new  class  of  lasers  has  potentially  important  applications.  Because  of  the  red-shifting  of  the  emission  wave¬ 
lengths,  every  excimer  studied  offered  new  laser  wavelengths  in  the  visible-to-vuv  range.  These  outputs  may  be  addi¬ 
tionally  solvent  tuned,  but  the  range  of  such  tuning  was  not  explicitly  investigated  in  this  study.  As  compact  versions  of  the 
commor'ly  employed  gaseous  excimers,  these  lasers  offer  new  deployment  opportunities  and  applications.  In  the  sense 
that  electron-beam  pumping  represents  the  final  stage  of  any  particle  excitation  technique,  this  is  also  a  new  class  of 
nuclear  laser  candidates. 
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Figure  1 .  A  schematic  of  the  laser  cell,  which  was  2  cm  long.  The  entire 
assembly  was  enclosed  in  an  evacuated  chamber  for  thermal 
isolation.  The  normal  operating  conditions  were  104  K  and 
2.8  atm.  In  this  view  the  e-beam  entered  from  the  back;  the  foil 
is  shown  as  the  checked  area  behind  the  lasing  volume. 
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Figure  3.  ArO  formed  in  a  100-ppb  solution  of  N20  in  Ar. 


Figure  2.  The  noble  gas  dimer  fluorescence  spectra  as  seen  in 
pure  Ar,  10%  Kr/Ar,  and  0.01%  Xe/Ar. 
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Figure  5.  The  Cl-donating  Freon-1 1  at  I  ppm  in  Ar  produced 
Ar2CI.  The  additional rod  shift  in  a  solid  matrix  is 
also  shown. 


Figure  6  In  ternary  mixtures  of  (1 :1 )  DonorXe  in  Ar  with  NF3  (1 0  ppm) 
and  Freon-1 1  (100  ppm)  donors  we  observed  these  complete 
series  of  XeF  and  XeCI  transitions.  The  (B-X)  are  the  normal 
lasing  transitions.  The  (C-A)  are  quite  broad  because  of  the 
curvature  of  the  repulsive  A  states. 
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Figure  7.  A  comparison  of  the  sidelight  and  lasing  spectra  of  XeO, 
showing  the  vibrational  structure  on  the  fluorescence  and 
the  narrowing  of  the  lasing  line.  The  lasing  wavelength  is 
also  seen  as  a  small  superimposed  peak  in  the  sidelight; 
the  547-nm  0-5  feature  is  not  the  highest  peak  in  the 
unperturbed  fluorescence. 
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Figure  8.  The  temporal  histories  of  the  sidelight 
(upper  curve)  and  lasing  output  (lower 
curve)  of  XeO,  showing  the  multiple  lasing 
pulses  from  the  HR-HR  cavity  and  the 
corresponding  fluorescence  depletions 
for  each  pulse.  The  mix  was  30  ppm  of  both 
Xe  and  N20  in  liquid  argon. 
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Figure  9.  A  plot  of  the  XeO  mixes  tried  in  the  HR-HR  optical  cavity.  The 

solid  dots  represent  nonlasing  mixes,  the  triangles  were  marginal 
mixes,  and  the  open  circles  lased  well. 
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Figure  10  The  Xe2  time  histories  for  sidelight 

fluorescence  and  lasing.  At  the  moment 
of  lasing  a  small  depletion  notch  was 
seen  in  the  sidelight. 


Figure  1 1 .  The  red  shift  of  the  lasing  wavelength  of  Xe2 
as  a  function  of  the  xenon  concentration  in 
the  argon  host. 


Figure  12.  The  Kr2  fluorescence  and  lasing  time  signals 
for  the  same  shot. 
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EXCITATION  OF  LASING  MEDIA 
USING  ANTIPROTON-ANNIHILATION  PRODUCTS 


Steven  L).  Howe  and  Michael  V.  Hynes 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  87545 

Abstract. 

Losing  lias  hern  achiewd  in  many  different  media  using  a  wide  variety  of  excitation  mechanisms  including  low-energy 
electron  or  proton  beams  and  recoiling  fission  products.  In  all  cases,  t lie  power  density  prjduced  in  the  medium  lias  been 
the  critical  parameter.  Recent  calculations  indicate  that  a  region  of  higlupower  density  can  be  achieved  in  high-density 
lasing  media  by  allowing  antiprotons  to  annihilate  in  the  material  with  an  intense  magnetic  field  present.  Because  of 
the  long  range  of  the  energetic  annihilation  products,  the  media  can  be  gaseous,  liquid,  or  solid.  The  thermalization 
time  is  the  critical  parameter  for  this  excitation  mechanism  which  for  liquid-density  media,  such  as  Ar-Xe  mixtures, 
is  about  2.1  ns.  Based  on  these  calculations  power  densities  of  about  100  MVV/cm2  can  be  achieved  using  a  level  of 
antiprotons  that  is  currently  available  today.  Development  of  an  antiproton  pumping  source  may  allow  fundamental 
reaction  kinetics  in  a  wide  variety  of  lasing  systems  to  be  performed  in  a  university  environment.  The  results  of  the 
calculations  in  a  liquid  medium  and  at  different  magnetic  field  strengths  will  be  presented.  In  addition,  the  design 
of  an  ongoing  experiment  using  an  800  MeV  proton  beam  to  pump  a  liquid  density  excimer  cavity  will  be  discussed. 
These  preliminary  experiments  intend  to  focus  on  fundamental  kinetics  and  on  the  effects  of  a  strong  magnetic  field  on 
reactions 


I  INTRODUCTION 

Antiprotoiis  an'  produced  at  a  variety  of  accelerator  facilities  around  the  world  for  basic  research  in  nuclear  and 
particle  physics.  The  advent  of  the  new  cooling  technology  [  1;  which  lias  opened  many  new  areas  for  high-energy  physics, 
also  can  open  new  research  opportunities  in  other  areas  that  can  use  a  source  of  very  low-energy  antiprotons.  The  Low 
Energy  Antiproton  King  (LEAK)  at  C'EKN  can  provide  beams  of  antiprotons  (106/sec)  at  energies  down  to  2  MeV  [2] 
which  have  been  used  for  a  wide  variety  of  measurements  in  low-energy  antiproton  physics. 

Recently  there  have  been  a  number  of  experiments  at  LEAR  that  propose  to  capture  and  store  significant  numbers  of 
these  particles  for  the  measurement  of  fundamental  properties  [3] .  All  of  these  proposals  rely  on  the  well  established  ion- 
trap  technology  that  is  in  common  use  in  atomic  physics  [4].  Briefly,  ion  traps  achieve  storage  of  charged  particles  using 
a  combination  of  electric  and  magnetic  fields.  Although  tlus  tecluiology  will  never  he  able  to  store  enough  antiprotoiis 
to  he  of  interest  in  a  prime  power  application,  (there  will  always  he  more  energy  in  the  magnetic  field  Ilian  in  the  rest 
mass  energy  [.V).  it  does  offer  unique  opportunities  to  investigate  specialized  applications  that  can  take  advantage  of  the 
unique  way  in  which  antiprotoiis  convert  their  rest  mass  into  energy.  One  such  application  is  to  use  the  amiihilation 
products  to  excite  a  large- volume,  liqnid-excimer  lasing  medium. 

During  the  last  fifteen  years  many  researchers  have  used  energetic  particle  beams  to  excite  lasing  media  [6].  In 
general,  these  beams  have  been  composed  of  either  electrons  with  kinetic  energies  of  up  to  1-2  MeV,  or  of  protons  with 
energies  up  to  4a0  keY.  These  particles  will  produce  a  very  high  specific  ionization  due  to  their  relatively  short  lange  in 
most  lasing  media.  Power  densities  of  about  100  MW/nn'1  can  easily  he  achieved.  However,  these  low-energy  particles 
can  excite  only  very  small  volumes.  Moreover,  again  because  of  their  short  range,  the  volume  that  they  can  excite  in  a 
fvpicai  experiment  is  never  coaxial  with  the  cavity. 

Ilntil  very  recently,  the  use  of  much  higher  energy  charged  particle  beams  for  laser  exci*  .»  not  been  very 

attractive  because  of  the  low  peak-current  available  at  most  high-energy  accelerator  facilities.  Even  tiie  highest  current 
proton  accelerator  in  the  world,  LAMPF  at  Los  Alamos,  could  not  produce  sufficient  power  density  ill  a  medium  to  lase. 
However,  the  addition  of  the  Proton  Storage  Ring  (PSR)  at  LAMPF  allows  for  the  t ;»»•«*■  compression  of  a  beam  burst 
and  the  resulting  increase  in  instantaneous  current.  Thus,  it  is  now  possible  to  obtain  a  burst  of  2  x  1013  protons  in  270 
ns  at.  800  MoV  with  spot  sizes  of  about  0.0  cm.  Tliis  is  more  than  enough  power  and  energy  density  to  achieve  lasing  in 
liquid  or  high  density  media.  Although  the  majority  of  recent,  work  on  excimer  lasers  has  been  based  on  gaseous  phase 
media,  the  first  excimer  laser  work  was  with  liquid  phase  systems  [7,  8],  The  most  recent  work  in  liquid  plias.  excimers 
is  from  a  Los  Alamos  group  who  have  investigated  a  wide  variety  of  such  systems  [9,  10  .  This  work  has  focused  oil  rare 
gas  dimers  and  rare  gas  halogen  mixtures  in  a  liquid  argon  host. 
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Figure  1:  Calculated  kinetic-energy  spectra  of  charged  pious  and  gamma  rays  resulting  from  antiproton-proton  annihi¬ 
lation  at  rest.  All  final  states  not  involving  kaons  are  included.  Data  for  ganuna  production  is  also  shown  (see  text). 
These  spectra  result  from  93,000  events  wliich  produced  and  average  of  3.12  pions/event  and  3.08  gamma/event. 

Antiproton  anniliilation  leads  to  the  production  of  very  liigh-energy  charged  particles.  However,  there  is  a  central 
physics  question  that  needs  to  be  resolved:  Do  these  liigh-energy  particles  lead  to  the  same  excitation  modes  of  the 
medium  that  result  in  lasing  action?  The  proton  beam  available  at  the  PSR  can  simulate  the  specific  energy  loss  of  these 
anniliilation  particles  (on  the  average).  Thus,  this  question  can  be  resolved  without  using  antiprotons. 

We  have  designed  and  built  a  cavity  that  could  be  installed  in  a  PSR  beam  line.  Of  the  possible  liquid  excimer 
systems  that  our  pumping  method  and  cavity  could  test,  we  hope  to  study  the  XeO  system  in  our  initial  nuis.  Our 
design  can  easily  change  optics  for  investigating  other  systems. 

The  eventual  use  of  antiprotons  to  pump  laser  media  has  the  advantage  that  relatively  compact  devices  can  be  built 
for  exploring  a  wide  variety  of  .samples  on  a  university  laboratory  scale. 

2  THE  ANTIPRQTQN-PUMPED  LASER  CONCEPT 

Currently,  efforts  are  underway  at  the  Los  Alamos  National  Laboratory  to  develop  a  modified  Penning  trap  which 
can  contain  up  to  1010  antiprotous  at  relatively  low  energies  (a  few  keV)  for  long  periods  of  time.  The  trap  design  allows 
for  the  acciunulation  of  antiprotons  produced  at  the  modest  rate  of  about  10*’  -  10'  per  second.  Once  accumulated  the 
antiprotous  can  be  extracted  all  at  once,  or  in  short  bunches  a  few  10  s  of  ns  long. 

The  spectra  of  the  reaction  products  from  a  proton-ant iprot on  amiihilation  event  at  rest  are  shown  in  Fig.  1.  Over 
half  of  the  anniliilation  energy  is  produced  in  the  form  of  charged  pions  witli  an  average  energy  of  250  MeV.  Because 
the  range  of  such  particles  is  several  many  g/cm2  the  anniliilation  can  occur  in  a  solid  medium  with  most  of  the  energy 
deposition  well  removed  from  the  reaction  point.  Consequently,  the  pion’s  energy  can  be  used  to  excite  a  lasing  medium 
even  if  the  material  is  external  to  the  amiihiiation  point. 

The  problem  with  the  very  long  range  of  the  particles  produced  in  the  antiproton-annihilation  reaction  and  with  the 
deposition  of  their  energy  over  a  dilute  region  can  be  solved  in  part  by  allowing  the  aiuiiiiiiation  to  take  place  in  a  strong 
magnetic  field.  Such  a  field  would  be  present  anyway  due  to  the  storage  of  the  antiprotons  in  an  ion-trap  configuration. 
Thus,  the  idea  for  the  laser  is  simply  to  have  a  suitable  laser  cavity  with  an  anniliilation  tarp-''  at  its  center  located  in 
the  same  solenoid  that  provides  the  magnetic  field  for  storing  the  antiprotons.  The  resulting  amiihilation  particles  will 
be  bent  into  overlaping  orbits,  thus  confining  the  region  over  which  the  energy  is  deposited. 
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Figure  2:  Schematic  cross-sectional  view  of  the  antiproton  pumped  laser  concept. 

A  schematic  cross-sectional  view  of  our  proposed  concept  is  shown  in  Fig.  2.  In  the  figure  the  overall  solenoid 
providing  both  the  storage  field  for  the  antiprotons  and  the  guiding  field  for  the  anniliilation  products  is  shown  on  the 
outside  of  the  aziniuthally  symmetric  device.  On  the  left,  inside  the  solenoid  is  the  multiring  ion  trap  that  is  used  to 
store  the  particles.  By  adjusting  the  potentials  on  the  electrodes  the  shape  of  the  charge  cloud  can  be  adjusted  prior 
to  ejection  to  the  right  into  the  laser  cavity.  Between  the  trap  and  the  cavity  is  located  a  series  of  electrodes  that  are 
used  as  a  bundier  section  for  the  antiproton  cloud  as  it  approaches  the  annihilation  target  located  in  the  center  of  the 
laser  cavity.  Everything  up  to  the  anniliilation  target  is  at  very  liigh  vacuum  (10  1-*-Torr).  The  resonant  cavity  itself 
is  annular  in  configuration  with  a  fully  reflective  mirror  on  the  ion-trap  side  and  a  partially  transmitting  mirror  on  the 
otiiput  side.  The  interior  annulus  is  filled  with  a  cryogenic  lasing  media  in  liquid  form.  The  liquid  form  is  preferred 
in  our  application  due  to  the  much  higher  density  over  gas.  Tliis  higher  density  leads  to  more  rapid  energy  loss  and 
thermalization  of  the  anniliilation  products  and  thus  to  higher  peak-power  density.  An  added  advantage  of  the  cryogenic 
operation  is  that  higher  vacuums  are  possible  in  such  systems. 

Preliminary  calculations  show  that  the  antiprotons  stored  in  the  trap  can  be  ejected  and  subsequently  bunched  at  the 
target  so  that  all  the  particles  aimiliilate  in  about  50  ns.  The  emerging  annihilation  products  would  spread  into  4rr  if  the 
magnetic  field  were  not  present.  With  this  field  present  the  charged  particles  go  into  orbits  whose  radii  are  determined 
bv  the  magnitude  of  the  field  and  the  momentum  of  the  particles.  Because  the  particles  loose  energy  as  they  transit 
the  lasing  media  the  particle  moment  tun  is  continuously  being  degraded.  Thus,  the  resulting  orbits  are  spirals.  For  the 
gamma  rays  the  magnetic  field  has  no  effect  until  they  shower  into  electron-positron  pairs.  These  charged  particles  will 
also  be  bent  in  the  field  into  orbits.  However,  the  electrons  and  positrons  will  generate  further  ganuua  rays  in  the  classic 
shower  process  that  these  light  particles  generate  in  matter.  Thus,  some  of  the  gamma  ray  energy  will  simply  escape  the 
lasing  media  and  not  lead  to  excitation.  We  are  at  present  modeling  this  effect.  For  the  purpose  of  tins  design  concept, 
we  assume  that  the  gamma  ray  energy  winch  amounts  to  about  Half  of  the  aiuiihilation  energy  is  simply  lost  to  lasing 
action.  As  the  charged  pious  decelerate  in  the  lasing  media  t Hey  will  finally  decay  into  a  muon  and  a  neutrino.  The 
muon  will  continue  to  orbit  in  the  magnetic  field  losing  energy  and  finally  decay  into  an  electron  and  two  neutrinos. 
The  energy  contained  in  the  neutrinos  is  lost  to  the  excitation  of  the  lasing  media  whereas  the  muons  and  electrons  will 
deposit  their  kinetic  energy  just  as  the  charged  pions  did  before  decay.  The  energy  lost  in  the  neutrinos  is  about  80  - 
100  MeV  on  the  average  and  is  thus  o: Jv  about  5%  of  the  tola)  energy  available. 

We  have  simulated  the  orbits  of  these  particles  in  a  typical  cryogenic  lasing  media,  liquid  argon  with  trace  amounts  of 
xenon.  Particles  with  the  spectrum  of  energies  shown  in  Fig.  1  are  released  at  the  center  of  a  semi-infinite  solenoidal  field 
in  the  horizontal  direction  as  shown  in  Fig.  2.  Particles  that  emerge  from  the  aiuiihilation  target  exactly  vertical  in  the 
figure  will  simply  spiral  around  in  the  central  plane  of  the  figure  as  they  loose  energy.  Part  icles  that  have  a  component  of 
momentum  parallel  to  the  magnetic  field  direction  will  naturally  propagate  in  tliis  direction  as  well  as  spiraling.  There 
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Figure  3:  Aziimithally  averaged  energy  deposition  plotted  as  a  function  of  radial  distance  from  the  laser  axis. 


will  be  some  particles  that,  have  no  momentum  transverse  to  the  magnetic  field  or  such  a  small  component  that  they 
propagate  outside  the  cavity  leaving  little  or  no  energy.  From  these  simulations  we  have  determined  that  the  energy 
lost  due  to  particles  lost  out  the  ends  of  the  cavity  could  be  as  high  as  40%  for  a  15  Tesla  field.  By  increasing  the  field 
strength  to  40  Tesla  or  bv  adding  azimuthal  field  components  using  Jaffe  coils,  the  losses  may  he  reduced  to  25%  -  30%. 
Naturally  this  figure  depends  strongly  on  the  specific  configuration  of  the  cavity  and  some  steps  can  he  taken  to  prevent 
tliis  occurrence  hv  further  tailoring  the  fields  near  the  ends  of  the  cavity.  Nevertheless,  we  will  assume  that  30%  of  the 
aiuiiliilatioii  energy  is  lost  due  to  end  effects.  The  average  time  for  the  particles  to  thermalize  is  calculated  to  be  about 
2.1  us.  Tlius.  the  annihilation  energy  is  deposited  in  about  52  ns  total.  Finally,  we  have  determined  how  large  a  volume 
of  lasing  media  can  he  fully  excited  by  the  particles.  This  depends  on  the  size  of  the  magnetic  field.  For  15  Tesla  this 
volume  is  about  200  cm3.  With  1013  stored  antiprotons  we  release  about  3000  joules  of  energy.  The  anniliilation  and 
therinalization  time  being  about  52  ns  total  means  that  5  x  10H)  watts  of  power  have  been  released.  'The  aziimithally 
averaged  spatial  distribution  of  the  energy  deposition  is  shown  in  Fig.  3  for  a  variety  of  magnetic  field  strengths.  The 
peak  energy  and  power  densities  involved  are  1.5  J /cm3  and  28  MW/cni1,  respectively,  for  the  15  Tesla  example,  but  are 
0  J/cm3  and  1  15  MW/rnr  for  the  25  Tesla  case.  These  densities  are  very  near  those  required  for  achieving  lasing  action 
in  liquid  eximer  systems. 

Previous  work  !>y[  1  1  1  has  shown  that  either  low-energy  protons  or  relativistic  electrons  can  excite  excimer  systems 
above  the  lasing  threshold.  Because  of  the  short  range  of  these  particles  however,  very  small  volumes  of  liquid-  or  low- 
densitv  gas  targets  have  been  used.  Consequently,  the  power  density  thresholds,  reaction  rates,  and  large-scale  collective 
effects  have  not  been  fully  characterized.  By  utilizing  the  results  of  these  experiments  as  a  measure  of  the  efficiency  of 
conversion  together  with  the  calculated  deposition  from  the  anliproton  model  an  estimate  for  the  energy  conversion  to 
laser  output  can  he  made.  Thus,  we  estimate  that  around  It)1*’  It)13  antiprotons  would  he  required  to  produce  about 

a  300  J  laser  pulse.  This  quantity  of  ant.iprotons  is  within  current  production  levels  and  will  soon  he  within  ion-trap 
storage  capabilities  as  well.  Thus,  an  experiment  using  ant.iprotons  could  he  executed  within  the  next  few  years. 

However,  there  are  two  outstanding  physics  questions  that  remain:  I  to  high-energy  ionizing  particles  excite  the  lasing 
media  in  modes  that  are  similar  to  those  arliieved  by  more  conventional  charged  particle  excitations?  Does  the  presence 
of  a  large  magnetic  field  disrupt  the  lasing  kinetics?  Both  t  hese  questions  can  be  answered  using  high-energy  protons 
ami  a  specially  designed  cavity. 
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Figure  4:  Sliematie  overview  of  the  PSH  facility  at  LAMl’i'. 


3  THE  PROTON-PUMPED  LASER  EXPERIMENT 


|.ii|tii<l  ex  rimer  Mstcmv  have  achieved  lasing  using  about  100  MW /cur*  power  densities  with  about  -1  J/cni3  total 
eneigv  <  1<- 1 1 s i t  \ .  To  achieve  these  quantities  with  a  high-energy  proton  beam,  the  I’SH  facility  at  LAMPF  is  an  ideal 
can i li date.  Hearn  hurst  -  at  kiju  MeV  wit  h  -  2  ■  101'1  particles  in  270  ns  can  be  delivered  in  spot  sizes  of  a  few  millimeters. 
The  KOi)  MeV  prut. >ns  i  Mho  Mev,  c)  will  loose  energy  in  a  material  at  nearly  I  lie  same  rate  as  pious  of  about.  2!70  MeV. 
Thus,  the  hcam  energv  is  ideal  for  our  simulation  of  the  antiprotun-annihilation  product  excitation.  Additionally,  with 
an  energy  loss  of  1.7  MoV  g  car  in  liquid  argon  (/>  =  1.1  (’/cm1)  and  a  spot  size  of  0.5  cm  a  single  beam  burst  will 
deposit  about  28  .1  cm"  at  a  power  density  of  110  MW/cm  .  These  numbers  are  above  those  required  for  achieving  lasing 
art  ion  using  convent  lonal  pumping  met  hods. 

3.1  The  I’S It  Facility  at.  LAMPF 

The  proton  Storage  King  (PSH)  at  HAMIT  delivers  very  intense  beams  of  protons  for  a  wide  variety  of  basic  rese;ircli 
experiments  12fe  An  overview  of  this  facility  is  shown  in  Fig.  1.  The  l.AMPF  accelerator  delivers  a  single  macropulse, 
KOI)  microseconds  long,  ai  K(lt)  MoV,  to  the  PS1<  on  demand.  The  PSH  is  designed  to  compact  this  macropulse,  or 
anv  subset  of  it.  in  time  to  achieve  a  much  higher  peak  current  (■*.>  A,  designed)  in  a  correspondingly  shorter  time. 
Alter  manv  circulation-  the  compacted  burst  is  ejected  from  the  ring  structure  for  experiments.  At  present  the  burst 
can  only  he  delivered  at  full  intensity  to  the  neutron  production  target.  The  difficulty  for  our  experiment  is  to  find  a 
suitable  location  at  lie-  facility  that  does  not  interfere  with  conventional  beam  operations  and  that,  can  accommodate 
the  equipment  needed  for  our  experiment.  The  7"  beam  dump  line  in  the  main  ling  area  is  the  only  location  that  meets 
these  requirements.  This  beam  line  exits  the  main  ring  at  a  7"  downward  slope  and  proceeds  through  a  -18-ilich- wide 
trench  to  a  brain  stop  somewhat  removed  from  the  ring  area  (see  figure).  Spot,  sizes  in  this  beam  line  are  about  1  cm. 
However,  additional  optics  in  the  beam  line  preceediug  our  experiment  can  bring  the  focus  ol  the  beam  to  about  0.5  cm 
over  about  a  10-cin  long  region.  These  criteria  drive  many  of  the  design  choices  that  we  made  in  our  experiment. 
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Figure  5:  Schematic  view  of  the  lasing  cavity  with  the  region  excited  by  the  beam  burst  indicated. 


3.2  Experimental  Design 

The  Cavity.  Because  of  the  eventual  focus  that  can  be  acliieved  in  the  beam  line  the  natural  length  for  the  cavity  is  10 
cm.  In  principle,  the  cavity  could  be  much  longer  due  to  extremely  long  range  for  800  MeV  protons  in  liquid  argon  (~  70 
cm).  This  points  to  one  of  the  advantages  for  using  the  PSR  beam  to  pump  a  lasing  medium:  very  large  volumes  can 
be  excited.  However,  only  relatively  dense  materials  such  as  liquids  or  solids  can  be  considered  due  to  the  dependence  of 
the  dE/d.r  on  material  density.  Naturally,  if  a  given  gaseous  system  has  a  particularly  low  lasing  tlireshold,  it  too  can 
be  considered.  Fluorescence  measurements  are  possible  on  any  system. 

For  the  cavity  diameter,  the  design  is  driven  by  activation  considerations.  The  beam  spot  without  the  additional 
optics  will  be  about  1-cm  across.  Because  every  beam  burst,  has  a  low  intensity  halo  of  larger  diameter  surrounding  it, 
and  because  the  collision  of  tills  halo  with  the  casing  material  of  the  cavity  itself  will  lead  to  induced  radioactivity,  this 
casing  should  be  well  outside  of  the  beam  halo  area.  Based  on  estimates  of  this  halo,  the  diameter  of  the  cavity  was 
chosen  to  be  about  2  cm  10.750  in.).  A  schematic  cross-sectional  view  of  t lie  cavity  volume  is  shown  in  Fig.  5.  Also  shown 
in  the  figure  is  the  volume  of  the  medium  excited  by  the  beam  burst.  Because  of  multiple  scattering  in  the  medium, 
the  beam  spot  will  spread  as  it  transits  the  material  which  we  assume  to  be  liquid  argon.  Thus,  the  cross  section  of  the 
excited  volume  is  shown  as  slightly  conical.  For  a  10-cmTong  cavity  the  multiple  scattering  angle  is  about  9.0  mrad. 
With  an  intial  spot  size  of  1-cm  and  taking  95%  of  the  beam  tills  increases  the  excited  voliune  over  a  simple  cylindrical 
shape  by  about  17%.  This  increase  of  the  spot  size  due  to  multiple  scat  tering  is  within  the  design  sizing  for  the  diameter 
of  tlie  cavity. 

We  considered  at  the  outset  designing  the  cavity  for  other  excitation  geometries.  In  more  conventional  excitation 
experiments  the  excitation  is  done  from  the  side  of  the  cavity  and  not  down  its  length  as  we  have  planned.  However, 
exciting  the  cavity  from  the  side  puts  the  excited  region  of  the  medium  off  t he  center  of  the  cavity.  The  only  sections 
of  the  medium  that  are  going  to  resonate  are  those  that  fall  within  the  gaussian  envelope  of  the  resonance  set  up  by  the 
mirrors  at  the  cavity  ends.  Bv  exciting  the  medium  directly  along  its  central  axis  all  the  excited  medium  is  exactly  where 
it  is  supposed  to  be.  This  is  the  reason  for  the  axial  excitation  in  our  design.  It  could  be  that  we  will  measure  even  lower 
lasing  tliresliolds  for  a  given  power  input  due  to  the  more  efficient  coupling  that  our  design  lias  over  other  systems. 

The  cavity  design  also  includes  four  side- viewing  windows  that  will  be  used  to  measure  the  size  of  the  beam  envelope 
iri  the  lasing  medium  both  on  entrance,  center,  and  exit  from  the  cavity,  ;uid  to  measure  side  fluorescence  in  the  same 
configuration.  Measuring  the  beam  spot  size  in  the  cavity  during  the  experiment,  is  important  for  the  normalization  of 
the  results  in  terms  of  volume.  Measuring  the  side  light  fluorescence  will  be  one  of  the  diagnostics  that  we  will  use  to 
determine  if  lasing  action  has  occurred.  The  additional  window  allows  for  another  detector  arrangement  and  could  be 
easily  accommodated  in  the  design. 
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ADJUSTABLE  MDUNTS 


Figure  C:  Schematic  view  of  the  timing  beam  line. 


The  cavit  y  and  feed  lines  will  be  operating  at  cryogenic  temperatures  near  liquid  argon  (B.R  =  87.25  K ).  Because  of 
t  lie  sensitivity  of  t  lie  index  of  refraction  of  the  cryogenic  media  to  temperature  gradients,  special  consideration  to  thermal 
isolation  had  to  lie  incorporated  in  the  design.  Our  first  line  of  defense  in  the  design  against  the  thermal  problems  was 
to  simply  make  the  thermal  mass  of  the  cavity  itself  as  large  as  possible.  Tills  was  consistent  with  the  mechanical 
requirements  of  mounting  the  side-viewing  window  flanges.  The  limitation  in  the  tliickness  of  the  sidewall  of  the  cavity 
comes  from  fitting  it  inside  the  bore  of  the  superconducting  solenoid.  The  next  design  step  was  to  isolate  the  cavity  from 
its  surroundings  in  a  vacuum.  With  a  vacuum  of  10  °-Torr  convection  is  eliminated  leaving  only  radiatioual  heat,  flow  as 
the  only  loss  mechanism  remaining  1 13].  To  defeat  lliis  process  we  gold  coated  (0.0001  in  thick)  all  parts  of  the  cavity  as 
associated  feed  lines  in  the  vacuum  including  the  inside  of  the  vacuum  pipe.  The  emissivity  of  gold  is  the  key  operating 
feature  in  this  approach.  Because  the  feed  lines  themselves  will  penetrate  the  vacuum  wall  at  some  point  we  used  thin 
w;dl  stainless  lulling,  taking  advantage’  of  the  poor  thermal  conductivity  of  stainless  steel  and  the  reduced  cross-sectional 
area  to  minimize  the  thermal  conductive  path  to  the  vacuum  wall. 

The  Timing  Beam  Line.  At  any  accelerator  facility  some  hours  with  beam  on  target  are  used  to  time  the  beam  for 
the  experimental  requirements.  I  or  our  laser  experiment  this  means  that  the  laser  cavity  would  be  subject  to  substantial 
heating  due  to  the  beam  tuning.  Consequently  we  have  incorporated  in  our  system  design  <a  beam  line  mounted  below 
tlie  laser  cavil v  beam  line  expressly  for  the  purpose  of  tuning  the  beam.  A  schematic  view  of  this  beam  line  is  shown 
in  f  ig.  (i.  In  I  lie  figure  the  tuning  beam  line  is  shown  to  be  the  same  length  as  the  cavity  beam  line  with  timing 
screens  located  in  the  same  position  along  its  length  as  the  entrance  and  exit  of  the  cavity.  These  screens  are  made  of 
beryllium  oxide  ceramic  and  glow  in  the  area  where  the  beam  strikes  them.  The  image  is  viewed  from  the  side  as  shown 
using  a  ei invent  ional  video  camera.  T  he  screens  are  tilted  at  4. V  with  respect  to  the  viewing  camera  so  that  a  true  image 
of  the  beam  spot  size  ran  be  read.  Kach  screen  is  ruled  in  0.5-cin  marks  along  both  axes.  These  targets  will  allow  the 
machine  operator  to  time  the  beam  for  the  optimum  focus  and  spot  size  in  the  region  of  the  cavity.  'The  tliickness  of 
the  screens  was  chosen  to  simulate  the  multifile  scattering  in  the  lasing  material  and  end  mirrors  of  the  cavity.  This  will 
allow  us  to  gel  a  measure  of  the  spot  size  before  the  cavity  is  put  in  place  for  checking  against  the  fast  video  camera 
image  of  the  excited  lasing  media  as  the  beam  passes  through. 

T  he  tuning  bean,  line  is  not  connected  to  the  vacuum  of  the  laser  cavity  beam  line.  Because  at  only  10~3-Torr  the 
multiple  scattering  from  air  is  extremely  small  this  beam  lino  is  connected  to  the  rougliing  pump.  The  entrance  and  exit 
windows  of  this  beam  line  are  the  same  as  for  the  cavity  beam  line. 

System  Mounting  Structure.  The  cavity  and  tuning  beam  lines  will  be  moved  in  and  out  of  the  beam  with  some 
regularity  during  a  given  run.  Each  beam  line  must  be  repositioned  with  respect  to  the  beam  itself  to  within  about 
0.020  in.  Tlie  cavity  beam  line  and  all  its  associated  optical  equipment  has  to  move  as  a  unit  with  the  timing  beam  line 
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upstream  downstream 


Figure  7:  Schematic  view  of  the  overall  mounting  system  for  both  the  cavity  and  tuning  beam  lines. 

slung  beneath.  When  (lie  cryostat  becomes  available  the  same  support  structure  and  motion  assembly  should  be  able 
to  support  and  move  tills  device  as  well,  hi  addition,  the  entire  structure  must  fit  inside  the  d-foot-wide  trench  that 
is  available  at  the  F’SU.  To  meet  all  these  requirements,  we  have  designed  a  four-point  lifting  system  using  ball  jacks. 
The  overall  mounting  system  is  shown  in  Fig.  7.  The  cavity  beam  line  without  the  solenoid  and  cryostat  in  place  is 
shown  in  the  center  of  the  figure  with  the  tuning  beam  line  slung  beneath  from  the  alumimun  box-beams  that  provide 
the  structural  support  for  the  mounting  platform.  The  proton  beam  enters  from  the  left.  The  mounting  system  is  shown 
in  the  position  with  the  cavity  in  the  proton  beam.  At  each  end  of  the  box  beams  is  located  a  precision  ball  screw  with 
a  gear  box  on  top.  Through  these  gear  boxes  and  two  90<>  miter  gear  boxes,  torque  is  transmitted  to  the  hall  screws 
tlirough  hardened  steel  shafts  so  that  all  screws  turn  at  the  same  time  and  rate.  The  torque  for  the  system  is  provided 
from  a  1/2  hp  DC  motor  that  can  be  computer  controlled. 

Moving  t ho  cavity  beam  line  requires  that  all  the  associated  optical  equipment  has  to  he  moved  as  well.  In  the  figure 
the  optical  tables  left  and  right,  are  mounted  on  the  box  beams.  Inside  the  vacuum  a  mirror  relay  system  directs  the 
beams  from  the  side- viewing  windows  and  the  laser  output  beam  up  to  the  top  of  the  optical  tables,  be  our  design  we 
take  two  windows  each  upstream  and  downstream  with  the  laser  output  being  readout  downstream.  The  spectrometer 
shown  on  the  downstream  optical  table  has  a  movable  grating  allowing  for  the  input  to  be  read  either  from  the  side  or 
the  front.  The  laser  output  and  one  of  the  side  windows  is  directed  into  these  ports  on  this  device.  The  other  window 
downstream  is  directed  into  a  video  imaging  camera  for  excitation  volume  measurements.  Upstream  one  of  the  windows 
is  also  directed  into  a  video-imaging  system  whereas  the  other  is  directed  to  a  photodiode  for  normalization  purposes. 

The  vacuum  required  for  the  deep  ultraviolet  measurements  we  envision  is  about  III  ’-Torr.  Because  of  this  and  that 
probably  frequent  entries  into  the  optical  table  vacuum  system  will  facilitate  the  setup  and  alignment  we  have  provided 
for  a  set  of  NlgF  windows  in  an  intermediate  flange  (see  Fig.  7)  to  isolate  the  high  vacuum  in  the  cavitv  beam  line.  The 
optical  table  vacuum  is  provided  by  its  own  roughing  pump. 


4  SUMMARY 

VVe  have  designed,  fabricated  and  tested  a  laser  cavity  t  hat  is  suitable  for  insert  ion  at  the  I'S'K  facility  at  LAMI’F. 
Using  the  high-energy  proton  beam  from  tliis  facility,  large  volumes  of  liquid  or  other  high-density  lasing  media  can  be 
excited  at  levels  of  energy  and  power  density  that  are  beyond  those  currently  known  to  result  in  lasing  action.  This 
cavity  and  beam  line  system  was  originally  designed  to  answer  the  physics  questions  that  need  to  be  resolved  before  a 
proof-of-  concept  demons!  rat  ion  of  pumping  lasing-media  using  antiprotons.  Because  of  the  growing  interest  in  nuclear 
and  reactor  pumped  laser  systems  and  the  difficulty  in  testing  the  lasing  media,  our  system  can  serve  as  a  test  bench 
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fur  these  invest  mat  ions.  In  addition,  because  of  the  long  rattge  of  high-energy  protons  lasing  media  that  could  not  he 
pumped  using  convent iomil  techniques  can  now  he  studied. 
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Advances  in  Directed  Energy  Technology  for  Strategic  Defense 
Richard  L.  Gullickson 

Strategic  Defense  Initiative  Organization,  Washington,  DC 


Advances  in  lasers,  optics,  beam  control,  and  particle  beam  technology  have  enhanced  the  prospects  for  directed  energy  applica¬ 
tions  in  strategic  defense.  This  paper  will  focus  upon  such  advances  since  last  year’s  conference,  using  our  SDI  related  papers  from  last 
year  as  a  starting  potm." 

Summary 

Chemical  Lasers:  In  1988,  the  Alpha  megawatt  class  chemical  laser  has  been  assembled  and  the  combustor  operated.  The  feasibility 
of  efficient  overtone  lasing  of  an  HF  chemical  laser  at  1.3  microns  has  been  demonstrated.  The  use  of  stimulated  Brillouin  scattering  (SBS) 
for  phase  conjugation  of  CW  chemical  lasers  has  advanced  through  the  demonstrations  of  long  pulse  operation  and  of  a  flowing  SBS  cell  with 
an  aero  window. 


Optics  and  Beam  Control;  The  Large  Active  Mirror  Program  (LAMP)  mirrorhas  demonstrated  fine  figure  control  under  both  quiescent 
and  active  conditions  for  all  of  the  seven  segments.  A  process  to  spin  cast  large  glass  mirrors  with  near  final  shape  has  been  developed  and 
tested  by  Schott.  The  M1RACL  DF  chemical  laser  at  the  White  Sands  Missile  Range  (WSMR)  has  been  operated  with  the  SKYLITE  beam 
director  to  demonstrate  the  ability  to  track  and  engage  target  drones  at  tactical  ranges  and  slew  rates. 


Free  Electron  Lasers  (FEL):  Gain  guiding  and  high  gain  with  a  linear  a  wiggler  up  to  25  m  long  on  an  induction  linac  FEL  have  been 
demonstrated  at  LLNL  at  10.6  microns.  Boeing  has  operated  an  RF  linac  FEL  with  a  5  m  wiggler  at  120MeV  to  produce  kilowatts  of  average 
power  at  0  62  microns  over  an  80  microsecond  macropulse  Rocketdyne  and  Stanford  have  demonstrated  that  an  RF  FEL  can  operate  in  a  Master 
Oscillator  -  Power  Amplifier  (MOPA)  configuration  using  a  single  accelerator.  Los  Alamos  has  improved  the  efficiency  of  operation  of  its 
20  MeV  RF  FEL  to  4%  (at  10.6  microns)  by  improving  injector  brightness  and  beam  transport. 

Excimer  Lasers:  The  Excimei  Moderate  Power  Raman  Shifted  Laser  Device  (EMRLD)  at  WSMR  has  operated  at  100  Hz  for  tliree 
pulses  of  more  than  20  J  at  a  wavelength  cf  0.35  pm.  The  ability  to  operate  a  high  energy  excimer  laser  amplifier  in  the  "Raman  look-through” 
configuration  was  demonstrated  by  MIT  Lincoln  Lab  at  AVCO  using  the  “Scale-up”  device. 

Ground-Based  Laser  Uplink  Propagation:  The  ability  to  compensate  for  thermal  blooming  for  moderately  high  distortion  numbers  has 
been  demonstrated  by  MIT  Lincoln  Lab  in  the  laboratory  using  a  several  watt  argon  laser  and  a  liquid  absorption  cell  to  simulate  the  atmosphere. 

Laser  Applications  in  Particle  Beam  Technology:  Laser  systems  have  been  developed  for  diagnosing,  neutralizing,  and  sensing  the 
position  of  a  neutral  particle  beam.  Two  different  short  wavelength  laser  systems  (130  and  226  urn)  have  been  developed  and  demonstrated 
for  the  Delphi  laser  guided  electron  beam  concept. 


T  \BI.K  1. 

Status  of  Directed 

i:ner«> 

Laser  Proyrams. 

Nome 

Type 

Wavelength  Ave 

Hit  f  8" 

ai  Status 

Alpha 

HF  Chemical 

2.7 

MW 

Combustor  tested 

MIRACL 

DF  Chemical 

38 

MW 

Operating  with  beam  director 

ZEBRA 

HF  Overtone 

1  35 

kW 

>  50%  relative  efficiency  demonstrated 

AT.A/PalaJm 

Induction  FEL 

106 

w 

Operating  with  25m  v.iggler 

Boeing 

RF  FEL 

0  62 

w 

Operating  with  5  m  wiggler 

LANL 

RF  FEL 

106 

w 

Operating  with  1  m  tapered  wiggler 

Stan  /Rock 

RF  FEL 

3 

w 

Single  accelerator  MOPA  demonstrated 

GBFELTJE 

FEL 

1 

MW 

Mid  90’s 

EMRLD 

XeF  Excimer 

35 

kW 

3  pulse  operation  at  100  Hz 

Delphi  1 

4  Wave  Mix 

13 

mW 

6%  optical  efficiency,  1.1  mj.  mercury  vapor 

Delphi  2 

KrF  Anti-Stokes 

23 

mW 

10%  optical  efficiency  to  anti -Stokes 

Chemical  Lasers 


The  Alpha  HF  Chemical  Laser  is  shown  in  Fi,  tire  1.  Alpha  features  a  cylindrical  design  for  ease  in  packaging  for  space  and  to  facilitate 
scaling  to  higher  powers.  Lasing  occurs  in  an  annular  gain  region  a  few  cm  thick  in  vibrationally  excited  HF  formed  in  a  two  step  combustion 
process.  The  fuel  flows  radially  outward  at  supersonic  velocities  to  form  the  mixing  region.  The  gain  generator  is  made  from  27  extruded 
aluminum  rings  1 . 1  m  in  diameter.  The  cooled  resonator  optics  are  made  of  copper  cladded  molybdenum.  Alpha  is  described  in  more  detail 
in  references  1-3  and  in  the  companion  paper  by  Neil  Griff  at  this  conference 


Figure  2.  The  Alpha  chemical  laser  operates  with  multiple  lutes  between  2.7  and  3.0  pm  using  vibrational  transitions  between  the  2- 
1  and  1-0  states  (the’'fundamental"  transitions).  Zenith  Blue  is  a  program  to  examine  lasing  on  the  2-0  and  or  3-1  vibrational  transition. 
Although  the  efficiency  for  "overtone"  lasing  is  lower  than  for  the  fundamental,  an  overall  brightness  improvement  can  be  realized  if  the 
efficiency  of  overtone  lasing  is  at  least  25%  as  great  as  for  the  fundamental. 
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Figure  2. 

Short  Wavelength  Chemical  Laser  Operation 

The  Zenith  Blue  Research  Array  ("ZEBRA")  uses  Alpha  nozzle  technology  to  examine  the  efficiency  of  overtone  lasing.  Using  absorbing 
coatings  (at  2. 7-3.0  microns )  to  suppress  lasmg  on  the  fundamental,  2.5  kw  of  power  was  obtained  at  1 .3  pm.  This  represents  55%  of  the  power 
obtainable  with  this  device  from  the  fundamental  transitions  between  2.7  and  3.0  pm,  with  similar  flow  conditions. 

Figure  3.  APACHE  is  a  program  to  examine  the  utility  of  nonlinear  phase  conjugation  (by  stimulated  Brillouin  scattering)  for  beam 
control  of  HF  chemical  lasers.  The  APACHE  program  has  already  demonstrated  techniques  for  reducing  the  threshold  power  requirements 
through  multiple  SBS  cells,  the  feasibility  of  CW  operation,  and  beam  combining. 

TRW  has  demonstrated  that  SBS  can  be  used  with  a  flowing  xenon  medium  to  avoid  thermal  blooming  induced  distortions.  They  used 
-in  aerodynamic  window  consisting  of  flowing  helium  gas  to  separate  the  high  pressure  SBS  medium  from  the  vacuum  region  simulating  space. 
The  beam  quality  of  the  phase  conjugated  beam  is  the  same  with  and  without  flow  in  the  SBS  cell. 

TRW  also  recently  showed  that  SBS  can  be  used  to  phase  together  the  segments  in  a  19  element  mirror.  A  probe  laser  is  used  to  record 
piston,  tilt,  and  figure  aberrations  After  the  probe  beam  is  phase  conjugated  using  SBS,  the  segmented  primary  mirror  is  re-illuminated.  The 
resulting  output  beam  has  all  of  the  segment  errors  removed  and  provides  the  performance  of  a  beam  from  a  single  large  aperture  monolithic 
primary  mirror. 

Figure  4  shows  aZerodur  (glass  Jmirrorcast  as  a  single  parabolic  blank  by  Schott.  By  using  a  rotating  table  for  the  casting,  the  parabolic 
shape  was  obtained  to  a  surface  precision  of  1  mm,  substantially  reducing  the  time  required  for  grindmg. 

Figure  5.  MIRACL  is  a  high  power  DF  chemical  laser  operating  at  3.8  microns.  It  supports  both  space  and  ground-based  laser 
technology  development  activities.  It  is  integrated  with  the  SKYL1TE  beam  director  which  has  the  capability  to  truck  targets  and  illuminate 
them  at  the  high  slew  rates  associated  with  tactical  applications. 

A  local  loop  beam  control  system  using  a  69  channel  cooled  deformable  mirror  has  already  demonstrated  improved  beam  quality. 
Recently  the  MIRACL  system  demonstrated  the  ability  to  track  and  engage  target  drones  at  tactical  ranges. 

Free  Electron  1  .users 

The  Ground-Based  Free  Electron  Laser  Teclinology  Integration  Experiment  will  demonstrate  the  major  land  based  elements  of  aground 
based  laser  system.  These  elements  include  the  laser  device,  beam  control  system,  and  atmospheric  propagation  capability. 

Several  parallel  approaches  are  being  pursued  for  the  ground-based  FEL  program.  The  radio-frequency  linac  approach  offers  a  pulse 
format  of  closely  spaced  micropulses  (Figure  6).  This  pulse  fonnat  may  offer  atmospheric  propagation  advantages  with  lower  losses  to 
stimulated  Raman  scattering  from  rotational  levels  in  nitrogen  molecules.  High  electrical  efficiency  is  possible  because  the  unused  portion 
of  the  electron  beam  can  be  convened  back  into  RF  power  using  energy  recovery  cells  Both  oscillator  and  master  oscillator  power  amplifier 
configurations  should  be  possible. 

In  two  separate  experiments  at  Stanford,  with  TRW;  and  at  Boeing,  RF  FELs  have  lased  at  0.5  microns.  The  light  weight  accelerator 
cavities  of  the  RF  FEL  also  make  this  device  promising  as  a  space-based  laser.  The  use  of  superconducting  cavities  offers  the  promise  of  very 
compact  accelerators  with  high  current  capability  for  MOPA  configurations  in  space.  Cooling  to  liquid  hydrogen  temperatures  may  be 
relatively  simple  using  platform  cryogenic  fuel  and  may  offer  most  of  the  advantages  (  e  g.  high  gradient  and  low  losses)  associated  with 
superconducting  operation 
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Radio-frequency  Linac  l-’KL 


In  more  recent  results,  Boeing  lias  upgraded  their  power  conditioning  system  to  provide  flat  top  macropulses  more  than  100 
microseconds  long  The  peak  micropulse  current  is  more  than  300  A  and  the  SpectraTechnology  permanent  magnet  wiggler  has  a  maximum 
field  error  of  less  than  0.5%.  The  system  was  recently  modified  to  lase  at  0.62  microns. 

In  initial  experiments  conducted  with  a  confocal  resonator  (the  next  phase  will  employ  a  new  ring  resonator),  0.1%  of  the  energy  in 
the  120  MeV  electron  beam  was  converted  into  red  light.  This  represents  2  kW  of  average  power  over  the  80  microsecond  macropulse  and 
a  peak  cavity  power  of  40  MW  (4  MW  outcoupled)  with  a  4  MHz  rep  rate. 

The  Los  Alamos  National  Laboratory  has  recently  improved  the  efficiency  of  operation  of  their  RF  FEL  oscillator  operating  at  1 0.6 
pm  using  a  tapered  wiggler.  By  prebunching  the  electron  beam,  improving  the  injector  brightness,  and  improving  the  electron  beam  transport 
through  the  accelerator  by  eliminating  discontinuities,  the  efficiency  for  convening  electron  beam  energy  to  light  at  10.6  pm  was  improved 
from  the  old  value  of  1%  to  the  new  result  of  more  than  4  %. 

Figure  7  shows  that  the  maximum  efficiency  is  obtained  when  a  30%  taper  is  used  on  the  wiggler  resulting  in  more  electrons  being 
captured  in  the  RF  "buckets.”  The  modelling  of  efficiency  as  a  function  of  electron  beam  emittance  suggests  emittance  values  in  good 
agreement  with  measurements.  The  LANL4.4%  oscillator  efficiency  at  10.6  microns  is  similar  to  the  value  obtained  by  Boeing  several  years 
ago  in  an  amplifier  experiment. 

Figure  8  is  a  streak  camera  picture  illustrating  how  the  energy  distribution  of  the  electron  beam  broadens  as  ene'gy  is  extracted  from 
the  beam.  Approximately  30%  of  the  electrons  were  trapped  in  the  RF  buckets  and  were  reduced  in  energy  by  7%. 

These  results  show  that  prebunching  does  improving  efficiency  for  tapered  wigglers  (by  a  factor  of  about  2),  that  a  large  fraction  of 
the  electrons  in  the  beam  are  trapped  and  their  energy  converted  into  light,  and  that  existing  FEL  models  do  an  excellent  job  in  predicting 
experimental  results. 

Figures  9.  Stanford  and  Rocketdyne  recently  showed  that  the  MOPA  configuration  is  feasible  for  the  RF  FEL.  Using  the  Mark  Ill 
accelerator  operating  at  35-40  MeV  with  a  peak  current  of  1 0-40  amps,  the  team  examined  the  wavelength  dependence  of  gain  and  found  good 
agreement  with  theory.  Typical  gains  of  50%  per  pass  were  measured  using  a  novel  configuration  where  a  single  accelerator  provided  the 
electron  beam  for  both  the  master  oscillator  and  the  tapered  wiggler  power  amplifier.  The  gain  peaked  at  3. 1  micron  with  a  maximum  value 
of  65%  {at  this  conference  they  reported  increasing  the  maximum  gain  to  150%  and  the  successful  operation  of  a  laser  illuminated  LaB^ 

photocathode  to  produce  a  peak  current  of  more  than  100  A 1 .  These  results  are  important  for  establishing  the  promise  of  the  RF  FEL  for  both 
space  and  ground  applications. 

The  other  approach  to  the  Ground  Based  Free  Electron  Laser  is  the  high  current  induction  linac  (Figure  10).  This  produces  longerpulses 
with  a  lower  repetition  rate.  The  high  current  (several  kiloamperes)  possible  with  this  approach  lends  itself  to  MOPA  configurations.  Induction 
lrnacs  have  produced  extremely  high  efficiencies  at  mm  wavelengths  and  have  demonstrated  high  gain  at  wavelengths  ranging  from  9  mm  to 
10.6  pm.  The  50  MeV  Advanced  Test  Accelerator  (ATA)  at  LLNL  is  used  with  currents  of  up  to  1 .2  kA  for  FEL  experiments. 
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Figure  1 1.  "Paladin"  is  the  current  FEL  experiment  on  ATAand  uses  wiggler  lengths  of  up  to  25  m.  Its  goal  is  to  extend  high  efficiency 
operation,  to  the  10.6  micron  wavelength  and  to  demonstrate  that  refractive  and  gain  guiding  effects  in  intense  electron  beams  can  guide  the 
amplified  electromagnetic  wave  to  reduce  diffractive  spreading  in  long  wigglers  and  produce  high  quality  optical  output. 

The  PAL  ADEN  wiggler  (Figure  12)  is  a  hybrid  It  is  adc  iron-core  electromagnet  with  coils  surrounding  steel  poles.  The  permanent 
magnets  reduce  the  flux  density  in  the  iron  poles,  permitting  a  higher  wiggler  field  to  be  attained  before  saturation.  The  use  of  an  electromagnet 
also  allows  easily  varying  the  magnetic  field  as  a  function  of  axial  position  (the  "'taper").  The  PALADIN  wiggler  with  its  8  cm  period  is  more 
than  300  periods  long  at  25  m  and  has  a  maximum  field  error  of  0.15% 

Figure  13.  Preliminary  results  at  LLNL  suggest  that  gain  guiding  does  occur  in  high  gain  induction  linac  amplifier  FELs.  Gain  guiding 
was  demonstrated  earlier  in  low  gain  oscillators  at  Stanford  (with  a  low  current  RF  device)  and  at  Columbia  (using  a  low  voltage  diode 
machine)  4. 

LLNL  is  now  operating  with  the  full  25  m  wiggler.  They  have  been  able  to  transport  up  to  1200  amps  of  current  through  the  wiggler 
with  no  appreciable  losses  at  an  electron  energy  of  42  MeV.  In  initial  experiments  with  an  untapered  wiggler  operating  ATA  at  44  MeV  and 
1000A,  the  maximum  gain  was  31db.  An  18  kw  carbon  dioxide  laser  was  amplified  to  produce  a  saturated  output  peak  power  of  23  MW. 

Technology  advances  have  brought  induction  and  RF  linac  operating  characteristics  closer  together.  The  development  of  magnetic 
modulator  technology  to  replace  gas  blown  spark  gap  switches  has  allowed  operation  at  h  jgh  repetition  rates.  LANL  has  developed  a  technology 
for  FEL  injectors  which  allows  RF  linacs  to  operate  with  higher  current  and  brightness  .  A  doubled  Nd:YAG  laser  caused  photoemission  of 

a  high  current  electron  pulse  from  a  cathode.  This  bunch  is  accelerated  to  megavoll  potential  in  a  single  step,  reducing  emittance  growth.  With 
this  approach,  not  every  RF  wave  bucket  is  filled  with  electrons.  This  results  in  higher  peak  currents  allowing  high  gain  and  operation  in  a 
MOPA  configuration 


Figure  14.  The  Excimer  Moderate  Power  Raman  Shifted  Laser  Device  (EMRLD)  is  now  operating  at  the  White  Sands  Missile  Range. 
The  EMRLD  master  oscillator  is  designed  to  produce  40  j  per  pulse  at  100  Hz  with  XeF  at  .35  pm  and  has  demonstrated  a  total  of  59  J  for 
a  three  pulse  train.  When  the  flow  loop  is  completed,  full  CW  operation  will  be  possible. 

The  EMRLD  design  also  includes  both  Raman  and  power  amplifiers  for  increased  power  and  the  ability  to  perform  Raman 
"lookthrough”  for  atmospheric  compensation. 

Northlight  typifies  the  state-of-the-art  in  transportable  discharge  excimer  laser  technology.  Discharge  exeimers  use  lower  voltage 
pulsed  power  technology  to  excite  the  lasant  through  current  flow  by  a  pre ionized  medium.  Northlight  operates  at  10  Hz  in  1  sec  bursts  and 
produces  more  than  40  j  per  pulse.  With  the  installation  of  the  flow  loop,  more  than  50  j  per  pulse  at  50  Hz  should  be  achievable. 

Ground-Based  Laser  Propagation 

Figure  15  is  a  diagram  of  the  thermal  blooming  experiment  at  the  MIT  Lincoln  Laboratory.  Absorption  in  an  iodine  doped  organic 
liquid  (carbon  tetrachloride)  simulates  thermal  blooming  in  the  atmosphere  while  phase  screens  produce  turbulence  like  effects.  A  several 
watt  CW  argon  laser  is  corrected  for  these  effects  using  two  69-channel  deformable  mirrors. 

Lincoln  Lab  has  shown  that  even  when  a  periodic  phase  ripple  is  placed  in  the  beam  to  stimulate  the  growth  of  the  thermal  blooming 
instability  that  the  beam  can  be  stably  compensated  for  distortion  numbers  up  to  150. 
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Figure  15.  Thermal  Blooming  Experiment 
at  MIT  Lincoln  Laboratory 

By  picking  an  appropriate  wavelength  such  that  atmospheric  absorption  oflaser  light  is  minized,  thermal  blooming  can  be  reduced. 
Science  Research  Laboratory  has  developed  aninterferometric  absorption  spectrometer  with  high  sensitivity.  They  have  found  windows  near 
1:06  p  with  an  absorption  at  or  below  10’ycm  for  14  torr  water  vapor  in  nitrogen  at  one  atmosphere.  In  these  windows,  molecular  absorption 
by  water  vapor  is  actually  less  than  losses  by  Rayleigh  scattering.  Jaycor 

Particle  beam  Technology 

SDIO  particle  beam  ttchnology  programs  have  also  advanced  laser  technology.  Figure  16  illustrates  the  applications  of  laser 
technology  to  the  neutral  panicle  beam  system.  Such  a  system  accelerates  negative  hydrogen  ions  to  high  energy,  magnetically  expands  the 
beam  and  points  it  at  the  target,  strips  the  beam  to  form  neutralized  atoms  which  will  propagate  ballistically,  undeflected  by  the  earth's  magnetic 
field,  and  senses  the  beam  direction  as  it  leaves  the  platform  to  allow  “boresighting”  with  the  acquisition,  tracking,  and  pointing  system. 

LASER  APPLICATIONS  IN  THE 
NEUTRAL  PARTICLE  BEAM  SYSTEM 
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Lasers  are  a  leading  candidate  for  both  high  brightness  beam  neutralization  and  sensing.  A  photon  of  about  1  ev  (~  1  pm)  can  strip 
the  extra  electron  from  the  hydrogen  ion  to  produce  the  neutral  bc;un  Higher  photon  energies  produce  an  increased  probability  of  stripping 
at  the  expense  of  imparting  more  transverse  momentum  (and  divergence)  to  the  beam. 

Currently  this  photoneutralization  process  is  used  by  Los  Alamos  National  Laboratory  as  a  diagnostic  technique.  Picosecond  pulses 
from  a  mode-locked  frequency-doubled  Nd:  Y  AG  laser  are  used  to  sample  the  emittance  of  a  small  portion  of  the  beam  in  the  Accelerator  Test 
Stand. 


Laser  resonance  fluorescence  is  a  lie  am  sensing  technique  Hydrogen  atoms  in  the  2P  excited  state  are  produced  in  the  stripping  process. 
These  atoms  can  be  resonantly  excited  to  the  3P  state  by  a  property  tuned  laser.  The  excitation  cross  section  depends  upon  the  angle  between 
the  laser  and  the  outgoing  beam  By  observing  and  maximizing  the  fluorescence  from  the  3P-2S  transition,  the  beam  can  be  properly 
boresighted  with  respect  to  the  accelerator  platfonn. 

LANL  recently  demonstrated  this  technique  at  the  50  NleV  beam  line  at  Argonne  National  Lab.  They  used  a  flash  lamped  pumped 
dye  laser  producing  up  to  80  mJ  at  623  nm  operating  at  0  5  Hz.  Frequency  doubled  Nd.  YAG  laser  systems  have  also  been  used  to  provide 
greater  intensity  for  higher  panicle  energy  beams  (on  LAMPF).  Because  system  applications  require  CW  operation,  the  next  phase  of  the 
experiments  will  employ  a  CW  rutg  dye  laser. 

The  Delphi  concept  is  under  investigation  at  Sandhi  National  Laboratory.  A  laser  produces  an  iuiiizuuoii  channel  in  ihe  upper 
.... ..cohere.  A  high  current  relativistic  electron  beam  follows  the  positive  ion  column  produced  by  the  laser  ionization  in  a  straight  path  to 

the  target.  Electrostatic  forces  keep  the  electron  beam  following  the  channel  undetected  by  the  earth’s  magnetic  field 

Figure  17.  There  are  a  variety  of  different  methods  to  ionize  atomic  oxygen.  We  are  currently  investigating  two.  Tire  first  (1+3)  uses 
130  nm  UV  radiation  to  produce  an  excited  state  in  atomic  oxygen  An  auto-ionizing  state  is  produced  by  three  additional  non  resonant  IR 
photons.  Because  of  the  large  cross  section  for  each  of  these  two  steps,  the  energy  required  is  small. 

In  the  second  approach  (2+2),  txvo  photon  excitation  occurs  using  high  intensity  226  nm  UV  light.  Two  additional  IR  photons  produce 
the  auto-ionizing  state. 


Atomic-Oxygen  Photoionization 
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Figure  17. 

Figure  18  shows  the  four  wave  mixing  method  used  to  produce  the  1 30  nm  UV  photons  for  excitation  at  Spectra  Teclinology  Inc.  A 
frequency-doubled  NdrYAG  laser  drives  dye  and  Ti:Sapphire  amplifiers  for  the  CW  dye  laser  oscillators.  Each  laser  operates  at’a  slightly 
different  wavelength  between  0.7  and  0.9  nm.  The  765  nm  beam  from  one  TiiSAP  amplifier  is  frequency  tripled  to  255  nm.  Die  8 10  run  from 
another  is  frequency  doubled  to  405  nm  and  a  third  777  nm  beam  is  used  directly.  The  405  and  255  nm  photons  added  are  resonant  with  the 
Hg  7  S  state. 
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Figure  18. 

Generation  of  130  tun  Radiation  by  Four-Wave 
Mixing  in  Mercury  Vapor 

These  are  combined  to  produce  130  tun  UV  light  in  a  1  mlong  Hg  vapor  cell  operated  at  200°  C.  Each  pulse  of  the  input  lasers  produces 
1  mJ  at  130  run  with  a  2  ns  pulse  length.  The  optical  efficiency  of  this  sum-frequency-mixing  process  is  5%. 

Figure  19  illustrates  the  excimer  laser  research  facility.  The  key  to  obtaining  high  efficiency  from  an  excimer  is  to  make  the  input 
pulse  length  short  compared  to  the  storage  lifetimes  of  these  lasers  which  are  typically  a  few  ns.  Sandia  uses  a  train  of  sub  ns  pulses  separated 
by  a  few  ns  to  allow  the  gain  medium  to  recover  between  pulses.  They  use  a  Littman  oscillator  (which  employs  a  diffraction  grating  as  a 
frequency  selective  element  to  insure  single  mode  operation)  as  the  master  oscillator  of  the  dye  laser  to  produce  the  the  1  pj,  0.3  ns  pulses  used 
to  drive  the  excimer  system. 

Sandia  has  obtained  80%  relative  extraction  efficiency  using  this  technique  with  an  electron  beam-pumped  amplifier  driven  by  a 
discharge -pumped  preamplifier  using  2  nsec  interpulse  spacing.  They  demonstrated  10%  conversion  ( 1  Oj  in;  1  j  out)  into  the  226  nm  Anti- 
Stokes  line  in  an  energy  scalable  geometry.  The  key  factor  in  obtaining  high  efficiency  was  the  co-injection  in  the  H  filled  Raman  cell  of  a 
phase  matched  Stokes  beam  with  about  5%  of  the  energy  of  the  248  nm  pump. 


Kxcimer  Laser  and  Raman 
Conversion  Researcli  Facility 


Figure  19. 


The  Delphi  program  has  also  pioneered  the  development  of  photoconductive  semiconductor  switches  (PCSS).  In  such  switches,  light 
from  a  laser  creates  charge  carriers  in  an  (almost)  intrinsic  semiconductor.  Such  switches  operate  in  both  an  open  anti  closing  mode  because 
when  the  light  is  removed,  the  number  of  charge  carriers  decays  exponentially  with  the  characteristic  recombination  time  ( 1  - 1 00  ns  for  typical 
opening  switch  materials)  and  the  resistance  increases.  Opening  times  comparable  to  the  recombination  time  (20  ns  e  fold  time  with  Au:Si) 
have  been  demonstrated  at  1  kA  and  57  kV. 
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Sandia  National  Labs  has  demonstrated  PCSSs  which  can  open  and  close  in  I  - 10  ns  and  can  switch  high  power  RF  circuits  at  rates 
above  10  MHz  (driven  by  a  2X  YAG  w  ith  300  mj  per  pulse  in  a  regenerative  amplifier  configuration).  They  plan  to  use  this  high  frequency 
waveform  to  drive  induction  linac  cavities. 


Summary 

Many  advance'  in  directed  energy  technology  have  changed  the  perspective  on  applications  for  strategic  defense.  The  many 
breakthroughs  in  nonlinear  optics  anil  the  development  of  efficient  overtone  lasing  have  revitalized  the  chemical  laser  program. 

The  emergence  of  the  free  electron  laser  with  the  demonstration  of  high  efficiency  operation,  high  brightness  electron  beam  technology, 
short  wavelength  operation,  and  gain  guiding  have  made  this  the  leading  candidate  for  ground  based  applications  and  a  promising  device  for 
space 


Both  neutral  and  charged  particle  beam  programs  have  advanced  laser  technology  with  the  noteworthy  developments  by  Sandia 
Laboratories  and  Spectra  Technology  of  several  efficient  short  wavelength  laser  systems. 
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Appendix  A.  Figures  used  in  presentation.  Because  of  space  limitations,  not  all  of  the  figures  used  in  the  presentation  are  reproduced  here. 
Many  are  included  in  other  papers  in  these  conference  proceedings  as  indicated  below. 
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PROSPECTS  OF  XUV  RECOMBINATION  LASERS  IN  CAPILLARY  DISCHARGES 


J.J.  Roue  a,  M.C.  Marconi,  D.  Beethe  and  M.  Villagran  Muniz 
Colorado  State  University 
Electrical  Engineering  Department 
Fort  Collins,  CO  80523 


ABSTRACT 

The  possibility  of  using  capillary  discharge  excitation  to  create  extreme  ultra¬ 
violet  recombination  lasers  is  discussed.  In  the  proposed  scheme  a  highly  ionized  capillary 
plasma  is  created  by  a  short  current  pulse;  subsequently  electron  heat  conduction  to  the  ca 
pillary  walls  and  radiation  losses  are  expected  to  rapidly  cool  the  plasma  resulting  in  a 
large  recombination  rate  which  under  optimized  plasma  conditions  should  lead  to  population 
inversions-  Time  resolved  spectra  of  capillary  plasmas  are  reported.  Spectra  from  a  500  um 
lithium  hydride  capillary  discharge  show  the  simultaneous  emission  from  lines  corresponding 
to  highly  ionized  species  (Lilli,  OVI)  and  single  ionized  species  (Oil),  indicating  the  co¬ 
existence  of  a  hot  highly  ionized  plasma  region  at  the  center  of  the  capillary  surrounded 
by  a  significantly  cooler  plasma.  Diffusion  of  totally  stripped  ions  from  the  core  plasma 
into  the  cooler  plasma  at  the  end  of  the  current  pulse  might  give  origin  to  an  annular  gain 
region. 


The  use  of  collisional  electron-ion  recombination  as  a  laser  population  inver¬ 
sion  mechanism  was  first  suggested  by  Gudzenko  and  Shepelin  [J].  Since  then,  lasers  [2-5], 
discharges  [6-10]  and  electron  beams  [11]  have  been  successfully  used  to  generate  plasmas 
which  adequately  evolve  to  recombine  and  produce  laser  action.  The  majority  of  the  experi¬ 
ments  have  concentrated  in  demonstrating  lasers  at  infra-red  and  visible  wavelengths  [1-3, 
6-11].  The  possibility  of  extending  this  type  of  lasers  to  shorter  wavelengths  was  analyzed 
by  Bohm  [ 12],  and  recombination  of  laser  produced  plasmas  have  been  among  the  first  experi¬ 
ments  in  demonstrating  large  amplification  at  soft  X-ray  wavelengths  [4-5].  To  obtain  simi¬ 
lar  gains  with  discharge  excitation,  the  plasma  created  by  this  method  need  to  be  more  high 
ly  ionized  and  more  dense  that  those  successfully  used  to  excite  visible  recombination 
lasers.  In  addition  to  these  requirements  the  discharge  geometry  has  to  allow  for  rapid 
cooling  of  the  plasma,  to  be  able  to  obtain  large  recombination  rates  and  population  inver¬ 
sions  at  wavelengths  at  which  mirror  reflectivities  are  low.  Also  the  plasma  has  to  be  op¬ 
tically  thin  to  radiation  originated  from  the  lower  laser  level  to  allow  for  a  rapid  rate 
of  depopulation  of  tnis  level. 

We  recently  suggested  the  use  of  plasmas  created  by  capillary  discharges  with  a 
large  1 e n g t h - t o - d  i  ame t e r  ratio  to  obtain  amplification  at  short  wavelengths  following  three 
body  electron-ion  recombination  [13],  Herein  we  present  time  resolved  visible  and  extreme 
ultraviolet  spectra  of  the  emission  from  capillary  plasmas  created  by  fast  (50  ns  FWHM) 
discharges,  and  discuss  observations  that  relate  to  the  possible  use  of  these  plasmas  as 
extreme  ultraviolet  laser  media. 

The  discharge  device  used  in  the  experiments  is  schematically  represented  in  fi¬ 
gure  I,  and  illustrated  in  the  photograph  of  figure  2.  A  6.6  nF  ring  of  ceramic  capacitors, 
which  could  be  charged  to  a  voltage  up  to  100  kV  is  placed  co-axially  with  the  capillary 
channel  in  a  low  inductance  configuration.  No  additional  current  switch  other  that  the  ca¬ 
pillary  itself  is  included  in  the  circuit.  The  capacitors  are  charged  to  a  voltage  below 
the  capillary  flashover  value,  and  initiation  of  the  discharge  at  the  desired  time  is  obtai 
ned  by  firing  a  smaller  trigger  discharge  between  a  third  electrode  and  the  cathode,  which 
is  kept  at  ground  potential.  A  solenoid  coil  capable  to  generate  an  axial  magnetic  field 
of  up  to  100  kG  with  a  half  cycle  of  170  us  surrounds  the  capillary  to  provide  additional 
control  over  the  plasma  evolution.  The  high  voltage  components  are  enclosed  in  the  grounded 
stainless  steel  container  visible  in  figure  2  and  immersed  in  transformer  oil  to  avoid  co¬ 
rona  and  the  possibility  of  undesirable  external  flashover.  The  discharge  volume  is  evacua¬ 
ted  to  a  pressure  below  I  10  Torr  using  a  t u r b omo 1 e c u 1  a r  pump.  The  optical  and  electrical 
diagnostics  equipment  are  placed  inside  a  Faraday  enclosure.  The  current  pulse  is  monitored 
with  a  Rogowski  coil,  digitized  by  a  200  MHz  waveform  digitizer  and  stored  for  every  shot 
of  the  discharge.  The  radiation  emitted  by  the  plasma  in  the  axial  direction  was  analyzed 
with  a  visible  0.3  m  spectrograph  and  with  a  normal  incidence  vacuum  spectrograph  of  I  m 
focal  length. 
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Figure  2-  Photograph  of  the  capillary  discharge  devise. 


The  3-2  transition  of  hydrogenic  ions  having  the  wavelengths  ranging  from  72.9 
nm  for  Lilli  to  18.2  nm  for  CVI  are  good  candidates  for  amplification  by  electron-ion  recom 
bination  and  require  excitation  energies  that  can  be  obtained  from  relatively  compact  dis¬ 
charge  devices.  To  obtain  inversion  in  these  transitions  an  initially  nearly  totally  ionized 
plasma  is  required.  Our  initial  study  of  the  plasma  evolution  in  a  capillary  discharge  was 
made  using  a  polyethylene  capillary  300  urn  in  diameter  and  3  cm  in  length.  While  the  dis¬ 
charge  set-up  described  above  was  not  designed  to  have  the  power  required  to  completely 

ionize  carbon  [13-13],  polyethylene  was  chosen  for  the  initial  test  of  the  discharge  becau¬ 

se  a  carbon  plasma  with  a  relatively  low  degree  of  ionization  is  of  interest  in  relation 
with  the  possibility  of  amplification  in  the  116.9  nm  transition  of  CIV  [16].  Also  in  this 
material  elongated  capillaries  are  relatively  easy  to  construct. 

The  current  pulse  corresponding  to  the  discharge  obtained  charging  the  capacitor 
to  4  0  kV  is  shown  in  figure  3  having  a  FWHM  of  30  ns  and  a  peak  of  5  kA.  The  radiati  on  emit 
ted  by  one  of  the  ends  of  the  capillary  was  focused  with  a  quartz  lens  into  the  slit  of  a 
0.3  m  visible  spectrograph  and  was  detected  with  a  gated  multichannel-plate  array  detector. 
Time  resolved  spectra  obtained  with  an  optical  window  of  less  than  18  ns  are  shown  in  figu¬ 
re  4  for  a  13  kV  excitation  pulse.  The  spectra  correspond  to  the  217  nm  to  290  nm  region 
and  illustrate  the  evolution  of  the  plasma  emission  from  10  ns  to  230  ns  after  the  peak  of 
the  discharge  current  pulse.  Emission  from  the  CIV  253.0  nm  line,  which  populates  the  upper 
level  of  the  116.9  nm  line,  is  intense  10  ns  after  the  peak  of  the  excitation.  The  C  I  l  1 
229.7  nm,  and  the  283.7  nm  and  283.8  nm  Lines  of  CII  are  also  visible.  The  C I  I  251.2  nm 
line  is  also  observed  but  it  is  not  completely  resolved  from  the  CIV  253.0  nm  emission  du¬ 
ring  the  current  pulse.  As  the  discharge  current  decays,  the  intensity  of  the  emission  from 
the  CIV  lines  rapidly  decreases;  and  a  large  increase  is  observed  in  the  intensity  of  the 
CII  lines.  The  temporal  variation  of  the  intensities  of  the  lines  associated  with  the  dif¬ 
ferent  stages  of  ionization  is  more  easily  observed  in  figure  5.  For  15  kV  excitation,  cor¬ 
responding  to  a  discharge  energy  of  only  0.75  J,  CIV  is  the  dominant  specie  at  the  peak  of 
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Figure  3-  Current  pulse  measured  through  a  5  cm  long, 

500  um  diameter  polyethylene  capillary  excited  by  a 
AO  kV  pulse  from  a  6.6  nF  capacitor. 

the  current  pulse.  For  the  ionization  time  from  C I  1  I  to  CIV  to  be  of  the  order  of  the  cur¬ 
rent  pulse  rise  time  the  electron  temperature  has  to  be  about  16  eV. Assuming  this  temperatu- 
rejgndpressure  equilibrium  of  the  plasma,  the  electron  density  can  be  estimated  to  reach  6 
10  cm  .  The  intensity  of  the  25J.O  nm  CIV  emission  is  observed  to  rapidly  decrease  as  the 
current  drops,  and  the  maximum  intensity  for  the  Cll  lines  occurs  110ns  after  the  peak  of 
the  current  pulse,  indicating  excitation  by  three-body  electron-ion  recombination  as  the  pla 
sma  cools.  The  effects  of  applying  a  55  k G  magnetic  field  to  the  15  kV  discharge  is  illus¬ 
trated  in  figure  6  The  magnetic  confinement  is  observed  to  increase  the  degree  of  ioniza¬ 
tion  of  the  plasma  as  indicated  by  an  increase  in  the  emission  of  the  CIV  line  and  a  simul¬ 
taneous  decrease  in  the  Cll  emission.  The  increased  plasma  confinement  by  the  applied  mag¬ 
netic  field  is  evidenced  by  the  slower  decay  of  the  CIV  253.0  nm  line  in  figure  6  as  compa¬ 
red  with  figure  A.  The  magnetic  field  also  effects  electron  heat  transport  to  the  capillary 
walls  and  thereby  affects  the  recombination  rate  into  ions  of  lower  charge.  In  the  presence 
of  a  strong  axial  magnetic  field  the  transport  coefficients  are  substantially  reduced  and 
plasma  cooling  has  to  rely  in  radiation  losses,  which  could  be  enhanced  by  adding  higher  Z 
impurities  to  the  plasma  [16]. 

An  increase  in  the  degree  of  ionization  of  the  plasma,  can  be  achieved  by  increa 
sing  tne  excitation  energy.  As  the  discharge  voltage  v/as  increased  line  emission  in  the 
spectral  region  of  figure  A  was  observed  to  degenerate  into  broadband  emission  as  the  plas¬ 
ma  becomes  more  dense  and  optically  thicker.  In  this  case  more  information  on  the  plasma 
evolution  could  be  obtained  by  observing  the  radiation  emitted  at  shorter  wavelengths.  The 
time  resoved  carbon  plasma  spectra  presented  herein  illustrate  that  multiple  ionized  ions 
created  by  a  short  pulse  in  a  capillary  discharge  recombine  at  the  end  of  the  excitation  to 
excite  transitions  in  ions  of  lower  charge.  Since  coll  isional  recombination  preferentially 
excites  highly  excited  Levels,  it  might  be  possible  to  optimize  the  discharge  parameters  to 
obtain  inversions  in  selected  ions.  For  optical  gains  to  be  significant  it  will  be  necessa¬ 
ry  to  adjust  the  plasma  conditions  to  avoid  excessive  col  1  isional  de-excitation  of  the  up¬ 
per  laser  level  and  trapping  of  lower  level  radiation. 

To  gain  information  on  the  possibility  of  inverting  the  72.9  nm  Lilli  line  we 
introduced  a  500  um  diameter,  A  cm  long  lithium  hydride  capillary  in  the  set-up  of  figure  1. 
The  axial  emission  of  the  discharge  in  the  extreme  ultraviolet  was  analyzed  with  a  vacuum 
spectrograph  with  600  and  2400  lines  per  millimeter  gratings.  Time  resolved  spectra  were 
obtained  gating  a  windowless  multichannel-plate  intensified  array  detector.  Each  spectra 
was  obtained  with  an  optical  window  of  approximately  5  ns. 

Figure  7  is  a  time  resoLved  spectrum  covering  the  68-110  nm  region,  at  the  time 
corresponding  to  3  ns  after  the  peak  of  the  discharge  current  for  a  35  kV  discharge.  Inten¬ 
se  emission  from  the  OV I  103.1  nm  and  103.7  nm  is  observed  at  the  right  side  of  the  spec¬ 
trum,  Also  visible  is  the  emission  from  the  Lilli  3-2  transition  at  72.9  nm  and  oxygen  im¬ 
purity  lines  corresponding  to  all  degrees  of  ionization  from  OVI  down  to  Oil.  The  higher 
resolution  spectrum  also  shown  in  figure  7  allows  to  assign  the  emission  in  the  83  nm  re¬ 
gion  to  Oil  and  0 1  I  I  transitions.  The  simultaneous  emission  from  species  with  such  diffe¬ 
rent  degrees  of  ionization  as  OVI  and  Oil  cannot  occur  in  a  plasma  of  uniform  temperature. 

To  make  possible  the  existence  of  a  large  concentrations  of  OVI  at  the  time  of  the  current 
peak  the  time  constant  for  ionization  from  0V  to  0V1  has  to  be  of  the  order  of  the  risetime 
of  the  current  pulse,  which  reauires  an  el®rrrnn  temperature  of  ah7'  27  eV.  Also  signifi- 
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Figure  5  -  Evolution  of  the  intensity  of  the  emission 
from  lines  corresponding  to  different  degrees  of  ion¬ 
ization  of  carbon  in  a  polyethylene  capillary  dischar¬ 
ge  for  15  k V  excitation  in  the  absence  of  an  externa¬ 
lly  applied  magnetic  field.  The  time  is  measured  res¬ 
pect  to  the  peak  of  the  current  pulse. 


v  '  i v  :  .  •  :  highly  stripped  i  on  s  diffusing  into  a  cooler  plasma  of  higher  density  has  simi- 

i  r  :  t  ;  e  s  to  conditions  that  recently  lead  laser  action  in  an  annular  region  at  18.2  n  m  in 
VI  .  i  plasma  created  with  •?  high,  energy  CO  ^  laser  l  17]. 

’!  i  m  i  resolved  spectra  of  the  emission  from  a  40  k  V  discharge  show  a  significant 
■  r  t  a  s  -  :  the  omission  from  the  72.9  n  m  line  as  the  discharge  current  decreases,  as  can 

1  *.  <  p  t  •  v  !  v  d  tr^rn  the  excitation  of  the  n  =  3  level  of  Lilli  following  e  1  e  c  t  r  o  n  -  i  o  n  recombina- 

:  ;  ■  n  :  ;  s  i  .  Assuming  pressure  oquilibriutpRin  t  tj  e  plasma  core,  the  electron  density  of  this 
p  :  .i  s  *•:  j  :  ..  «  st  imjt  td  to  reach,  about  )  i  U  cm  .  For  amplification  in  the  Lilli  3-2  line  the 
d.s  :■  a  r  s\nd^;ons  will  need  t  o  be  optimized  limiting  the  electron  density  to  be  less 

•  •  a  ”  I  i 1  >  ■  m  .it  the  time  of  tilt*  peak  recombination  to  avoid  excessive  de-excitation  of 

*.  ■ .  >.  upper  level  by  electron  collisions  of  the  second  kind. 
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Figure  6  -  Time  resolved  UV  spectra  of  the  axial  emission 
from  a  500  urn  diameter,  5  cm  long  polyethylene  capillary 
emitted  by  a  15  kV  pulse.  The  external  magnetic  field  ap¬ 
plied  is  B  =  5  5  kG.  The  time  delay  respect  to  the  peak  of 
the  current  pulse  is  indicated  for  each  spectrum. 
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Abstract 

The  performance  of  a  CO2  laser  has  been  improved  by  coating  the  inside  wall  of  the  discharge  tube  with  a  discontinuous  gold  film.  In  the 
presence  of  the  discharge,  the  gold  acts  as  an  ambient  temperature  catalyst  to  reform  decomposed  CO2.  The  gold  coated  laser  delivered  122  W/m 
for  both  sealed-off  and  flowing  operation.  CO2  decomposition  levels  are  presented  as  a  function  of  input  power,  gas  pressure  and  temperature. 
Atomic  oxygen,  generated  by  the  discharge,  appears  to  be  required  for  gold  to  exhibit  any  detectable  catalytic  activity. 


Introduction 

A  persistent  problem  with  CO2  lasers  has  been  the  decomposition  of  CO2  molecules  in  the  discharge  L2J  The  pertinent  decomposition  reactions 
by  electron  (e)  impact  are  as  follows: 


C02  +  e — >C0  +  0  +  e  (]) 

CO2  +  e  — >  CO  +  O"  (2) 

N2  +  e  —>  2N  +  e  (3) 

This  produces  a  host  of  dissociation  products  such  as  CO,  O,  02,  03,  NO  anu  N2O,  as  well  as  various  ions  In  a  sealed-off  CO2  laser,  the 
dissociation  of  CO2  proceeds  until  an  equilibrium  is  reached.  Typically,  about  60  to  80%  of  the  CO2  is  dissociated  at  equilibrium.  Our  research 
has  centered  on  catalytically  reforming  the  CO2  inside  the  discharge  tube. 


Internal  Catalyst 

An  internal  catalyst  must  operate  at  the  relatively  low  temperature  of  the  cooled  wall.  However,  this  constraint  is  offset  by  the  benefit  that 
atomic  oxygen  (having  an  energy  of  2.6  eV  relative  to  1/2  02)  is  available  for  CO  oxidation. 

Atomic  oxygen  produced  by  reaction  (1)  has  a  lifetime  which  depends  on  tube  diameter,  gas  pressure  and  wall  material  *.  A  typical  lifetime 
for  atomic  oxygen  is  about  80  ms  for  a  2.2  cm  diameter  laser  tube.  Stable  molecular  oxygen  (O2)  is  formed  on  the  wall  (w)  as  follows: 

O  +  O  +  w  — >  02  +  w  (4) 

A  successful  catalyst  must  promote  reaction  (5)  below  while  minimizing  the  primary  competing  reaction  which  is  the  formation  of  O2  by 
reaction  (4): 


CO  +  O  +  w  — >  CO2  +  w 


(5) 


Experimental  Methods 


Catalyst  Selection  Tests 

Preliminary  tests  were  conducted  to  find  the  most  desirable  internal  catalyst.  These  tests  are  described  in  U.  S.  patents  5'6.  Materials  which 
exhibited  catalytic  activity  on  the  wall  of  the  discharge  tube  were  gold,  oxides  of  silver,  and  under  special  conditions,  platinum,  palladium  and 
rhodium.  The  oxides  of  silver  were  found  to  operate  best  at  temperatures  in  excess  of  45C.  The  platinum  group  metals  required  the  presence  of  a 
small  amount  of  hydrogen  (water  vapor)  to  maintain  the  high  catalytic  activity  needed  to  produce  the  color  change.  Furthermore,  the  platinum 
group  metals  were  more  susceptible  to  poisoning  compared  to  gold.  All  the  catalyst  materials  required  an  activation  step  which  will  be  discussed 
later.  Clean  gold  showed  catalytic  activity  in  all  deposition  methods  tested.  Maximizing  the  coverage  of  the  wall  surface  area  was  found  to  be 
beneficial,  but  it  was  not  necessary  to  use  finely  divided  gold  particles.  Sputtered  gold  films  exhibited  the  highest  activity  and  were  chosen  for 
further  testing  in  a  laser. 

Laser  Apparatus 

The  performance  of  the  gold  catalyst  was  evaluated  by  using  two  CO2  lasers  which  differed  only  in  the  fact  that  one  laser  (Laser  A)  had  a 
gold  catalyst  coating  on  the  entire  inside  length  of  the  discharge  tube.  The  second  laser  (Laser  B)  had  an  uncoated  pyrex  glass  tube. 

Each  laser  had  an  internal  tube  diameter  of  1 .64  cm  and  a  positive  column  discharge  length  of  258  cm  (Figure  1 ).  Both  tubes  were  water  cooled 
to  a  temperature  of  approximately  23C.  Each  laser  was  equipped  with  a  99.4%  reflectivity  enhanced  silver  rear  reflector  and  ZnSe  output 
coupler  with  65%  reflectivity.  The  mirrors  were  separated  by  320  cm.  Both  the  mirrors  were  concave  with  a  radius  of  curvature  of  10  m.  This 
produced  a  stable  TEM01*  (donut  shaped)  beam.  This  mode  was  chosen  because  it  produced  the  highest  output  power.  Under  the  flowing 
conditions,  the  percentage  of  CO  and  CO2  was  measured  at  the  vacuum  pump  exhaust  using  a  Horiba  model  MEXA-31 1GE  infrared  gas  analyzer 
(resolution  0.01%). 
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Figure  1:  Schematic  of  the  CO2  laser  used  for  experiments. 

Details  of  the  scribed  gold  catalyst  coating  are  shown  in  inset. 


Figure  2:  Output  laser  power  as  a  function  of  power  input  to  the 

discharge  for  flowing  and  sealed  conditions  for  Laser  A  and  Laser  B. 
In  each  case,  the  gas  mixture  was  optimized  for  maximum  power 
output. 


Sputtering  Methods 

Gold  was  sputtered  on  the  inside  of  the  discharge  tube  using  a  device  fabricated  by  wrapping  gold  foil  on  a  pyrex  tube  forming  a  1  cm  diameter 
and  20  cm  long  cylindrical  gold  cathode.  A  copper  anode  wire  lay  adjacent  to  the  gold  cathode  cyclinder.  The  entire  device  could  be  inserted  and 
centered  in  the  1.64  cm  diameter  discharge  tube.  The  sputtering  was  performed  in  a  flowing  gas  consisting  of  5%  002  and  95%  helium  at  a 
pressure  of  about  5  to  8  torr  (0.7  to  1 .0  kPa).  After  sputtering,  approximately  4  torr  of  carbon  monoxide  was  added  to  the  flowing  gas  mixture.  The 
sputtered  film  exhibited  a  dramatic  darkening  within  about  30  seconds  of  exposure  to  the  CO. 

The  sputtered  film  was  then  scribed  by  springy  steel  wires  mounted  radially  on  an  aluminum  rod.  By  simultaneously  rotating  and  traversing 
the  rod  through  the  laser  tube,  the  scribes  created  multiple,  electrically  isolated  islands  in  the  gold  film  (see  Figure  1).  These  islands  were 
about  6  mm  in  size.  This  size  insures  that  the  voltage  gradient  across  the  conducting  island  is  much  less  than  the  400  volt  cathode  drop. 

Besides  the  non-reflecting  gold  black  film  described  above,  another  series  of  tests  were  conducted  with  the  gold  coating  tube  was  washed  with 
a  2%  dilute  nitric  acid  solution  and  followed  by  a  thorough  water  rinse.  This  treatment  eliminated  the  black  appearance  and  only  a  specularly 
reflecting  metallic  gold  film  with  the  scribes  retained.  This  coating  will  be  referred  to  as  the  "specular  gold"  coating. 


Catalyst  Activation 

As  will  be  discussed  later,  the  gold  catalyst  was  poisoned  by  exposure  to  either  the  air  or  to  a  discharge  containing  oxygen  in  excess  of  the 
stoichiometric  CO/O2  ratio  for  CO2  formation.  Therefore,  following  exposure  to  air,  the  catalyst  coating  was  activated.  Two  different 
activation  methods  were  used.  Both  of  these  activation  methods  started  with  a  discharge  in  the  gold  coated  tube  in  a  gas  mixture  of  5%  CO2, 
15%  N:  and  80%  He,  at  20  torr  total  pressure  and  40  mA  current.  One  activation  method  referred  to  as  the  "hydrogen  discharge  activation" 
involved  adding  1%  H2  to  the  flowing  gas  mixture  and  running  the  discharge  for  a  period  of  30  seconds.  The  second  activation  method  referred 
to  as  the  "carbon  monoxide  discharge"  involved  adding  8%  CO  to  the  gas  mixture  and  maintaining  the  discharge  for  30  seconds.  The  gold  black 
film  responded  best  to  the  carbon  monoxide  discharge  activation  while  the  specular  gold  film  responded  best  to  the  hydrogen  activation.  The 
presence  of  the  discharge  was  essential  for  activation. 


Results 


Laser  Power  Measurements 


Figure  2  compares  the  performance  of  coated  Laser  A  and  uncoated  Laser  B  under  flowing  and  sealed-off  conditions.  Both  the  laser  output 
power  and  the  input  power  are  normalized  into  units  of  W/m.  The  gas  flow  rate  was  1  liter  per  minute  at  STP  for  the  flowing  case.  The  gas 
mixture  was  optimized  in  each  case  to  achieve  the  highest  output  power. 

Within  the  scatter  of  experimental  measurements,  the  coated  Laser  A  gives  approximately  the  same  power  output  for  flowing  and  sealed -off 
conditions.  For  low  input  power,  all  the  curves  are  merged  together  with  approximately  equal  slopes.  The  initial  slope  is  equivalent  to  about 
24%  laser  efficiency.  As  the  poweT  input  is  increased,  the  curves  break-off,  each  reaching  a  different  peak  output  power  at  a  lower  efficiency. 
The  uncoated  Laser  B  shows  a  maximum  power  of  63  W/m  for  the  sealed-off  case  and  83  W/m  for  the  flowing  case.  These  values  compare  well 
with  those  obtained  by  others.  The  catalyst  coated  Laser  A  showed  a  more  gradual  decline  in  efficiency  with  increasing  input  power.  The 
highest  output  attained  was  122  W/m  (315  W  total  power).  This  is  believed  to  be  the  highest  reported  output  power  per  meter  from  a  diffusion 
cooled  CO2  laser. 
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Figure  3:  Measured  CO2  decomposition  at  the  laser  exit  as  a 

function  of  input  power  for  Laser  A  and  Laser  B  in  slow  flow 
condition.  A  line,  calculated  from  a  and  the  CO2  flow  rate,  is  also 
shown  for  comparison. 


Figure  4:  %  CO:  decomposition  as  a  function  of  inlet  CO2  partial 

pressure  for  gold  coated  Laser  A.  The  partial  pressures  of  CO  and 
CO2  at  the  exit  are  also  plotted. 


Figure  5:  The  oxygen  poisoning  of  gold  catalyst  coating  is  shown 

by  a  hysteresis  effect  with  02  addition.  The  lower  curve  starts  with 
an  activated  catalyst  (note  arrows).  Decreasing  the  02  pressure 
produces  the  upper  curve. 


temperature.  C 


Figure  6:  Effect  of  cooling  water  temperature  on  the  measured 

CO2  decomposition  in  Laser  A.  The  catalytic  effect  decreases  with 
increasing  temperature. 


Equilibrium  Decomposition  Tests 

Figure  3  shows  the  CO2  decomposition  present  in  the  exhaust  gases  as  a  function  of  input  power.  The  CO2  decomposition  is  defined  as  the  ratio 
of  C0/(C02  +  CO)  in  the  exhaust  gas.  The  dashed  line,  in  Figure  3,  is  the  calculated  decomposition  rate  (2.5  x  10'6  decomposition/joule)  if  there 
was  no  CO2  reformed.  The  measured  graph  in  uncoated  Laser  B,  shows  a  departure  from  the  dashed  line  at  high  decomposition  of  CO2.  Gold 
coated  Laser  A  maintains  low  CO2  decomposition  which  demonstrates  reformation  of  CO2  by  the  catalyst.  At  1  liter  per  minute  (STP)  flow  rate, 
the  decomposition  is  virtually  at  equilibrium  for  the  gold  coated  tube  and,  therefore,  equals  the  sealed-off  decomposition. 

Figure  4  shows  the  influence  of  changing  the  input  partial  pressure  of  CO2  in  the  gold  coated  tube.  The  results  are  plotted  both  as 
decomposition  percentage  and  as  partial  pressure  of  CO  and  CO2.  It  can  be  seen  that  there  is  only  a  slight  increase  in  CO  pressure  with  increasing 
CO2  pressure. 

Figure  5  shows  the  effect  of  adding  02  to  the  flowing  gas  mixture  in  the  gold  coated  tube.  The  partial  pressure  of  CO2  was  1  torr.  The  other 
conditions  were  the  same  as  for  Figure  4.  Starting  off  with  an  activated  gold  surface,  the  initial  decomposition  was  17%.  Adding  02  to  the  gas 
mixture  produced  a  decrease  in  CC>2  decomposition  .  However,  there  is  a  hysteresis  effect  as  indicated  by  the  arrows  in  Figure  5.  Decreasing  the 
02  pressure  created  a  new  set  of  data  points  which  ended  with  41%  decomposition  when  returning  to  the  starting  gas  mixture.  If  oxygen  is  added 
for  a  second  time  without  reactivation,  then  the  solid  line  portion  of  the  upper  graph  is  retraced.  The  hydrogen  activation  step  must  be 
performed  to  return  to  the  initial  activity.  From  this  and  many  other  tests,  oxygen  appears  to  have  a  poisoning  effect  on  the  gold  surface  when 
the  02  partial  pressure  exceeds  more  than  half  the  CO  pressure  (the  stoichiometric  ratio  for  CO2).  However,  it  should  be  noted  that  the  gold  is 
not  fully  poisoned  after  oxygen  exposure.  If  there  was  no  catalytic  effect,  the  gas  would  be  73%  decomposed  under  these  conditions.  The  addition 
of  02  always  decreases  the  laser  output  power. 

Figure  6  shows  the  effect  of  temperature  on  C02  decomposition  in  the  gold  coated  tube.  The  cooling  water  temperature  was  changed  to  obtain 
this  data.  From  Figure  7,  it  can  be  seen  that  increasing  the  water  temperature  from  23C  to  50C  increased  the  decomposition  from  12%  to  14%. 
This  effect  is  opposite  to  thermally  driven  catalysts  which  exhibit  increased  reaction  rates  with  increased  temperature.  This  graph  showed  no 
hysteresis  effect. 
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Several  experiments  were  conducted  in  different  diameter  discharge  tubes.  There  is  a  trend  which  indicates  that  the  catalyst  must  work 
harder  as  the  diameter  decreases.  In  other  words,  the  number  of  CO2  molecules  refcrmcd/cm2  must  increase  as  the  diameter  decreases.  The  gold 
catalyst  had  sufficient  activity  to  give  good  laser  performance  in  the  16  mm  diameter  Laser  A  without  the  need  of  any  special  gas  additives. 
However,  a  9  mnm  diameter  tube  required  the  addition  of  0.04%  H2  and  0.2%  CO  to  a  CO2,  N2,  He  gas  mixture  at  20  torr  in  order  to  maintain  the 
higher  activity  level  required  by  the  small  tube.  The  hydrogen  maintains  the  activation  level  when  the  discharge  is  on,  while  the  CO 
maintains  the  activation  level  when  the  discharge  is  off.  This  concentration  of  H2  is  about  25  times  less  than!  he  amount  typically  used  to  obtain 
a  homogeneous  catalytic  effect  4  5- 


Conclusion 


It  has  been  shown  that  gold,  coated  on  the  inside  walls  of  a  discharge  tube,  can  act  as  a  catalyst  for  the  formation  of  C02  in  a  laser  discharge. 
The  gold  coating  shows  no  detectable  catalytic  activity  in  absence  of  the  discharge.  A  CC>2  laser  with  the  gold  catalyst  achieved  122  W/m 
output  power  both  flowing  and  sealed-off.  Compared  to  an  identical  laser  without  the  gold  catalyst,  this  was  a  47%  increase  in  output  power  for 
the  flowing  case,  and  93%  increase  in  the  sealed-off  power.  The  gold  only  exhibits  detectable  catalytic  action  in  the  presence  of  a  discharge. 
Also  the  catalytic  activity  decreases  at  elevated  temperature.  Therefore,  energetic  species  generated  in  the  discharge  must  be  driving  the 
catalytic  reaction. 
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Abstract ■ 

The  widespread  application  of  lasers  in  physical  research  has  put  forward  an  urgent 
necessity  of  developing  coherent  radiation-resistant  optical  elements.  The  report  presents 
the  ways  of  producing  high-intensity  laser  optics  using  compact  heat  exchangers  based  on 
penetrable  materials,  such  as  regular  macrorelief  structures  and  highporosity  cellular  ma¬ 
terials  providing  the  conditions  for  forced  convective  and  evaporation-condensation  heat- 
mass  transfer. 

Introduction . 

The  development  of  the  elements  of  forced  optics  based  on  microdispersion  powder  porous 
structures  has  permitted  to  satisfy  unambiguously  a  set  of  requirements  imposed  on  metal- 
coated  laser  mirrors  [1]  and  to  realize  the  state-of-the-art  level  of  the  reflecting  sur¬ 
face  optical  capacity  threshold  [2,3].  We  have  achieved  high-quality  mirror  surfaces  in  the 
forced  optics  elements  of  this  type  enabling  to  separate  radiation  and  heat  carriers  in  a 
compact  layer  of  100-200  mcm  thickness  and  to  realize  in  the  heat  exchanger  an  intensive 
intraporous  convective  filtering  heat-mass  transfer  which  removes  thermal  fluxes  of  some 
kW/'cm  from  the  mirror  surface  under  small  overheating.  Intensification  of  heat  transfer 
from  the  surface  is  attained  through  the  development  of  a  heat-exchange  surface  in  a  poro¬ 
us  material  and  through  increasing  the  local  coefficient  of  the  heat  transfer  to  a  liquid 
used  as  heat  carrier  due  to  its  "quasiturbulization"  in  the  microcnannels  of  a  porous  mate¬ 
rial  [4]. 

A  somewhat  different  approach  to  the  development  of  high-stability  reflecting  surfaces 
currently  enjoying  widespread  application,  suggests  dynamic  evaporation-condensation  co¬ 
oling  [5].  Intensification  of  heat  transfer  is  reached  under  mixed  boiling,  i.e.  at  the 
presence  of  bubble  and  sheet  forms  of  vapor  generation  when  local  overheating  is  conti¬ 
nuously  redistributed  and,  consequently,  the  densities  of  the  removed  thermal  fluxes  on  the 
nonizothermal  cooling  ribs  of  the  cooled  reflecting  plate  are  also  redistributed.  Since  the 
boiling  temperature  depends  upon  pressure,  one  may  attain  the  conditions  under  which  heat 
is  emitted  at  the  temperatures  close  to  that  of  optical  finishing  of  the  mirror  surface. 
This  way  of  intensification  of  heat  transfer  is  advantageous,  since  it  involves  the  mecha¬ 
nism  of  phase  transition  into  the  general  balance  of  heat  exchange.  The  potentialities  of 
this  mechanism  greatly  exceed  those  of  intraporous  convective  heat  imission  [4]. 

The  achievement  of  high  levels  of  heat  removal  at  virtually  room  temperature  might  cur¬ 
rently  be  possible  when  realizing  dynamic  evaporation-condensation  cooling  in  finely  porous 
dispersion  structures.  The  major  requirements  on  the  structure  are  its  high  penetrability 
for  vapor  bubbles  which  emerge  at  forced  intraporous  mass  transfer  with  underheating  of 
the  main  stream  of  the  liquid  heat  carrier  and,  as  a  matter  of  fact,  its  penetrability  for 
a  vapor-liquid  mixture.  The  results  of  [6]  illustrate  thie  prospects  of  this  approach  for 
solving  the  problem  of  forced  low-temperature  heat-mass  transfer. 

An  advance  in  getting  high-penetrable  dispersed  composite  structures  enables  to  use  them 
in  the  compact  heat  exchangers  possessing  both  hydraulic  and  heat  characteristics  compar¬ 
able  with  powder  materials  but  more  adoptable  to  streamlined  production.  A  manufacturing 
process  enables  to  vary  widely  such  parameters  as  porosity,  penetrability,  thermal  conduc¬ 
tivity  so  that  to  intensify  heat  transfer. 

This  work  is  devoted  to  studing  the  capability  of  producing  two  sorts  of  structures. 

The  first  one  has  a  regular  macrorelief  consisting  of  fins,  pyramids,  grooves,  cells  pro¬ 
duced  from  a  compact  blank  by  cutting  with  secondary  plastic  shaping  (Fig.l)  [7].  The  se¬ 
cond  structure  is  made  from  a  high-porous  cellular  metal  (HPCM)  [8,9]  by  metallization  of 
foamed  polyurethane  (Fig.2).  Both  structures  quite  satisfy  all  these  requirements  for  the 
heat  exchanger  material  where  reinforced  heat-mass  transfer  is  realized  as: 

1.  The  structure  must  provide  considerable  development  of  the  heat  exchange  surface  up 
to  the  value  10-103  cm*/cm3  in  order  to  reduce  the  temperature  drop. 

2.  The  structure  must  be  integrated  with  the  branched  system  of  heat  exchanger  in  order 
to  achieve  a  certain  level  of  hydraulic  characteristics. 

3.  The  structure  of  the  heat  exchanger  material  must  allow  the  application  of  high- 
quality  and  well  preserved  from  external  effects  mirror  surface  on  the  heat  absorbed  layer 
of  0.1-0. 5  mm  thickness. 

Structures  of  Regular  Macrorelief  (SRMR) 

Obtained  by  Secondary  Plastic  Shaping. 
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This  sort  of  structures  obtained  on  the  surfaces  of  rotation  and  planar  surfaces  by 
using  standart  metal-working  equipment.  The  idea  of  the  secondary  plastic  shaping  method 
is  in  combining  the  processes  of  cutting  and  shaping  of  the  worked  metal  layer.  The  cut¬ 
ting  tool  must  have  one  cutting  edge  due  to  the  fact  that  the  blank  material  is  only  cut 
but  not  separated  from  the  blank  as  a  chip.  A  solid  mechanic  bond  of  the  cut  layer  with  the 
blank  allows  to  spell  the  structure  from  the  cut  layer  by  the  same  tool.  The  depth  of  the 
ribs,  their  geometric  form  and  mutual  position  depend  on  the  geometry  of  the  cutting  tool. 
Under  this  working  the  ribs  gain  a  rough  surface  (Fig.l)  and,  therefore,  both  the  heat  ex¬ 
changer  surface  development  and  the  extra  turbulizasion  of  the  heat  carrier  are  achieved. 
So,  the  use  of  such  a  structure  enables  to  intensify  heat  transfer  and  regular  position  of 
ribs  to  provide  high  hydraulic  penetrability.  A  scheme  of  the  structures  worked  by  this 
technology  is  presented  in  Fig. 3  A-C.  Generally,  the  porosity  of  SRMR  can  be  estimated  as: 


n  =  [i 


-i  -i 

(1  +  h/(2a) )  (1  +  h/(2bl) ] 


(1) 


where  h)2is  the  groove  width  in  crossed  directions;  a,  b  correspond  to  those  directions 
ribs  width.  Being  worked  according  to  this  technology,  SRMR  get  porosity  of  50-70%,  groove 
depth  up  to  8  mm,  ribs  width  not  less  than  0.1  mm,  groove  width  not  less  than  0.08  mm. 

Tne  grooves  can  be  directed  actually  in  any  mutually  crossing  directions,  and  what  is 
more,  their  depth  in  these  directions  can  be  a  difference  to  provide  an  optimal  structure 
of  heat  carrier  flux  along  the  ribs. 

A  thin  heat  absorbed  layer  on  SRMR  can  be  produced  by  either  expanding  the  ribs,  or 
using  a  compact  SRMR  base.  We  have  realised  a  0.5-1  mm  thickness  of  the  compact  layer.  Fi¬ 
gure  4  A-C  illustrates  hydraulic  characteristics  of  SRMR  when  using  water  as  a  heat  car¬ 
rier  . 

SRMR  possess  high  penetrability  and  realize  the  flow  rate  up  to  10  gramm/(sm  s)  under 
insignificant  hydraulic  pressure(  P=0.5  atm).  So,  SRMR  enable  to  intensify  the  convective 
mass  transfer,  that  is  necessary  for  the  reinforced  convective  heat  removal.  SRMR  can  be 
considered  as  a  porous  structure  if  to  use  the  corresponding  characteristics  from  the  per¬ 
colation  theory[10].  For  example,  SRMR  penetrability  can  be  estimated  according  to  a  line¬ 
ar  law  of  percolation  -  Darcy  law: 


ju  Q  R 

K  . . In---  (2) 

2S/AP9  H  r 


where  jj  is  dynamic  viscosity  of  water,  H  is  the  thickness  of  the  heat  exchanger,  &P  is  the 
pressure  difference,  R  and  r  are  the  external  and  internal  heat  exchanger  radia.  For  the 
corresponding  geometry  of  flow  (Fig.4B)  this  quantity  was  1 . 9 • ICf 7 m2 ,what  is  much  more  than 
that  for  powder  and  fibrous  structures,  which  are  used  for  cooling  elements  of  optics  (for 
powder  and  fibrous  structures  the  value  of  penetrability  is  lCf3  -10 1  mz)  (8,9].  The  hydra¬ 
ulic  diameter  of  the  investigated  SRMR  is  estimated  as 

dM  =  i/k  (3) 


to  be  0.44  mm,  that  is  in  a  good  order-of -magnitude 
SRMR  geometric  characteristics: 


=4  (  S  t  Sj  / 


P(  P.2  ) 


agreement  with  d^  calculated  from  the 


(4) 


here  S);are  the  channel  cross-section  squares;  P<  i  are  its  perimeters  around  the  correspon¬ 
ding  directions.  For  the  SRMR  studied: 


dM  =  2 1 


hjh2HfH2 


( h^  +  H, ) [hz+  h2 ; 


(4'  ) 


Disagreement  of 
counted  for  by  the 
To  estimate  the 
formula  having  set 


those  data,  i.e.  reducing  of  the  d  value  estimated  in  (3)  may  be  ac- 
ribs  roughness  resistance  to  the  flow. 

magnitude  of  the  developed  SRMR  surface  S  we  may  use  the  Karman-Kozeny 
the  adjust  parameter  at  =2.11: 


where  n  is  porosity  equal  to  84.8%.  The  estimation  shows  that  S  equals  26.1  cm2/cm3. 
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High  -Porous  Cellular  Material  (HPCM). 


The  HPCM  is  produced  by  doubling  the  polymer  matrix  by  means  of  metallization  of  foamed 
polyurethane  framework,  with  the  following  organics  removal  and  sintering  to  the  end  [11]. 
Porosity  of  tnis  material  may  vary  from  72%  to  97%  and  controlled  size  of  pores  -  from  0.4 
to  5  mm . 


HPCM  usually  consists  of  a  3-dimensional  lattice-cellular  structure  with  a  relatively 
high  degree  of  order.  The  structure  is  an  assembly  of  polyhedron  cells  united  in  rather  a 
firm  framework  (Fig. 2). The  cell  next  to  the  regular  14-hedron  with  a  cavity  (Fig. 5)  having 
tne  form  of  a  streched  spheroid  provides  their  close  packing  in  space.  The  matrix  metall 
is  formed  as  jampers,  points  and  membranes.  The  cell  faces  can  be  4-  or  5-  gons.The  jump¬ 
ers  are  the  void-body  rods  of  variable  cross-section  with  increased  thickness  to  points 
and  have  some  curvature.  The  porosity  decrease  evokes  an  increase  in  the  share  of  the  mat¬ 
rix  material  in  the  cell  points,  growth  of  the  number  of  membranes  on  the  faces  and  decre¬ 
asing  length-to-width  ratio  of  the  jumpers,  but  the  polyhedron  form  of  the  cells  remains 
the  same. 


The  channel  porosity  is  a  distinguishing  peculiarity  of  HPCM  (Fig.7).  All  of  the  jumpers 
ire  crossed  with  delta-shaped  sections.  The  channel  pore  volume  share  does  not  depend  on 
the  HPCM  integral  porosity  and  equals  the  foamed  polyurethane  volume  share  (1. 6-2.1%).  The 
channel  pore  size  is  determined  by  the  technology  to  amount  to  10-100  mkm.  Besides  cellura 
and  channel  cavities  HPCM  has  microporosity  whose  magnitude  is  15-30%  of  the  volume,  and 
and  the  micropore  mean  size  equals  0.5-10  mkm.  Although  the  share  of  microporosity  is  insi¬ 
gnificant,  they  essentially  affect  the  HPCM  properties  and,  first  of  all,  its  strength. 

As  wo  have  found  from  the  experiments,  the  fluid  flow  is  well  described  by  Dupue-Rey- 
nolds-Forchhcimer  equation 


-  V  P  =  if  U  +  p)  9  I U I  u  (  6  ) 


where  ?  is  pressure,  U  is  dynamuc  viscosity,  9  is  the  fluid  density,  U  is  the  filtration 
velocity,  and  3  are  the  correcting  coefficients,  so  that  penetrability  K  =  (d-  /  ?>  f2,  the 
usual  hydraulic  size  dni)..|  =*/.*.  and  Reynolds  criterion  Re  =  ?i Cl  jA/(  uck )  .  The  executed  in¬ 
vestigations  under  hydraulics  of  HPCM  with  the  porosity  D  =72-94%,  'withing  a  specific  con¬ 
sumption  (ratio)  range  46  <.  |  9  0 1  3600  for  the  Reynolds  range  0.1$Re:>25  are  presented 

on  Fig.6A,B  demonstrating  that  ck  and  3  can  be  generalised  by  the  following  terms: 

7  _  -9.35 
rh  =  6.3  10  l| 

2  -9.25  (7) 

=  4.78  10  H 

The  estimate  of  the  mean  hydraulic  pore  diameter  debased  on  a  simultaneous  solution  of 
Durey  and  Haagen-Puizale  equations  1 


dh.,= 


(8) 


32  |  U  I  ti  \  1/2 

niv’pi" 

using  the  experimental  data,  has  shown  that  for  the  studied  structures  d„LJt1  reduces  with 
increasing  hea*-  carrier  consumption.  It  is  obviously  caused  by  the  flow  turbulization  in 
large  pores. 

Heat  Conduction  in  SRMR  and  HPCM. 


It  is  difficult  to  estimate  whether  any  material  can  be  utilized  in  overheating  const¬ 
ructions  without  taking  into  account  its  thermal  conductivity.  If  any  penetrable  material 
is  used  in  a  compact  heat  exchanger,  conduction  becomes  a  fact  of  importance  among  other 
types  of  transfer. 

Thermal  conductivity  of  SRMR  can  be  found  from  a  priory  suggestion  about  its  regularity. 
Indeed, in  the  SRMR  production  process  one  type  of  structure  is  built  on  another  so  that  all 
of  them  lie  parallel  to  the  heat  absorbed  surface.  Therefore,  in  the  direction  perpendi¬ 
cular  to  the  layers,  SRMR  represents  a  branching  connected  grid  of  jumpers,  membranes,  etc, 
having  a  corresponding  thickness  hj^  and  porosity  ri{  at  each  layer.  The  value  of  the  effec¬ 
tive  square  through  which  the  heat  flux  is  transfered  is  ( 1 -  H [ )  times  less  than  the  cor¬ 
responding  continuous  elementary  squares.  The  thermal  conductivity  of  SRMR  in  this  direc¬ 
tion  is  found  from  the  expression 

£  *; 

G}  -  (9) 

l  (h,-/(i-n()  j 


The  thermal  conductivity  in  the  direction  parallel  to  the  heat  absorbed  surface  can  be 
equal  either  to  0,  if  the  elements  are  not  connected,  or  to  A;  /(l-f"Ij),  where  fl(is  effec- 
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r ive  porosity  in  this  direction.  So,  SRMR  possesses  an  adjustable  anisotropy  of  heat  pro¬ 
perties,  what  is  \ery  important  for  practical  application. 

The  HPCM  structures  do  not  feature  such  anisotropy.  The  HPCM  know-how  analysis  shows  it 
impossible  to  express  thermal  conductivity  analitically  due  to  a  complex  microdispersed 
structure.  Thermal  conductivity  can  be  approximated  by  means  of  Odolevsky  equation  and 
similar  ones  [8,9].  Exact  values  of  thermal  conductivity  are  determined  from  the  values  of 
mtergranule  contact  resistance.  Therefore,  to  find  them  it  is  necessary  to  use  either  di¬ 
rect  experimental  methods  or  similarity  between  electric  and  heat  conduction. 

We  have  discovered  in  direct  experiments  that  within  a  porosity  range  83%-94%  thermal 
conductivity  of  the  copper  HPCM  is  described  with  9%  accuracy  by  an  empirical  equation 
(Fig.7): 

X  =-16  -1-  16.2?  (10) 

where  .  is  density  [gramm/cm5],  and  X  has  the  dimensions  W/m-K°. 

Following  the  interparticle  contact  theory  [12]  the  HPCM  thermal  conductivity  can  be 
described  by  a  linear  function  of  electric  conductivity  6 

A  =  AjO  +  A2  (11) 

where  A,,  involve  all  the  electric  and  mechanical  properties. 

In  many  cases  this  way  is  more  simple  and  effective  from  the  experimental  point  of  view 
because  it  does  not  require  taking  into  account  free  convective  heat  transfer  within  the 
atmospheric  gas  structure. 

In  tne  case  of  HPCM  the  analogy  of  heat  and  electric  conduction  characteristics  can  be 
effectively  used  when  analyzing  the  mechanical  and  strength  properties  [8,9,13],  For  examp¬ 
le,  the  HPCM  strength  and  elasticity  can  also  be  described  with  high  accuracy  by  the  uni¬ 
versal  ratio 

D  mech  ~  a3  ',:>eC  +  (12) 

So,  the  conducted  analysis  demonstrates  that  these  structures  can  ensure  efficient  conduc¬ 
tive  heat  removal  and  high  hydraulic  penetrability. 

Convective  and  Evaporation-Condensation 
Heat-Transfer  Conditions  in  HPCM  and  SRMR. 


HPCM  and  SRMR  have  large  values  of  porosity  and  penetrability , therefore ,  besides  convec¬ 
tive  heat  rejection,  one  can  realize  the  stable  reinforced  evaporation-condensation  heat 
rejection  so  that  one  regime  would  transfer  to  the  other  under  continuous  heat  load  increa¬ 
se  . 

The  peculiarities  of  the  convective  heat  exchange  have  been  explored  on  an  installation 
illustrated  in  Fig. 8,  in  which  a  heat  flux  was  modelled  by  a  heater,  when  the  heat  flux 
value  was  up  to  20-30  W/cm2  ,  we  did  not  manage  to  achieve  an  essential  heat  transfer  be¬ 
cause  of  the  lack  of  a  well-developed  surface.  Conventional  heat-transfer  coefficient  de¬ 
pendences  for  these  structures  on  the  flow  rate  and  heat  flux  magnitude  are  presented  in 
Figs. 9, 10.  As  it  is  seen,  the  heat  transfer  processes  are  similar  and  depend  on  the  filt¬ 
rate  rate. 

when  the  heat  flux  intensity  achieves  a  value  of  1500 -2000  W/cm2in  the  surface  layer 
of  such  heat  exchangers,  bubble  evaporating  begins  with  the  heat  mass  transfer  intensifi¬ 
cation.  These  processes  have  been  studied  on  the  installation  presented  in  Fig. 11.  The 
heat  exchanger  mock-up  of  a  copper  HPCM  with  81%  porosity,  average  cell  diameter  0.67  mm 
and  framework  thermal  conductivity  0.3  W/cm  K  was  soldered  into  the  case  having  a  two- 
layer  heat  absorbed  surface  of  1  mm  thickness.  The  heat  absorbed  layer  was  cooled  by  a  jet 
and,  besides,  there  was  a  thermocouple  soldered  in.  A  heat  flux  was  modelled  by  a  2  kW 
electron  beam.  Its  density  was  varied  by  the  electron  beam  focusing.  The  heat  transfer 
coefficient  was  determined  by  the  steady  heat  flux  method. 

A  certain  audible  signal  is  known  to  accompany  the  boiling  and  its  registration  enables 
to  control  both  the  beginning  of  the  process  and  the  burn-out  [6].  For  this  aim  a  piezo¬ 
electric  hydrophone  was  fixed  in  the  heat  exchanger  system,  so  that  the  signal  could  be  re¬ 
gistered  by  the  spectrum  analyzer. 

The  burn-out  due  to  bubble-to-sheet  transition  of  evaporation  is  accompanied  with  a 
change  in  the  audible  signal  power.  Figure  12  illustrates  the  dependence  of  the  normalized 
audible  signal  power  due  to  boiling  on  the  heat  flux  density  when  the  flow  rate  is  fixed. 
The  quantity  q*  corresponding  to  the  signal  power  maximum  was  believed  to  be  a  critical 
value  of  heat  flux.  A  stable  regime  of  heat  transfer  into  boiling  water  corresponded  to  the 
region  where  the  flux  value  was  less  than  q*, while  the  mixed  sheet-bubble  boiling  corres¬ 
ponded  to  the  flux  regime  q  >  q*  [6]. 

A  quantitative  measure  of  the  heat  removal  intensity  is  the  heat  transfer  coefficient 
defined  as  =  q/(Tw  -  Ts )  ,  where  q  is  the  applied  heat  flux,  Tw  is  the  wall  temperature 
and  Ts  is  the  heat  carrier  (water)  temperature.  We  have  connected  by  a  relationship  the 
heat  transfer  coefficient  with  the  rate  of  flow  (Fig. 13)  and  heat  flux  density  (Fig. 14). 
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The  only  convective  regime  was  observed  in  the  heat  flux  region  about  2  kW/cm2,  meanwhile 
depending  on  flow  rate  varied  within  15-25  W/cm-K?  As  heat  flux  increased,  bubble  evapora¬ 
tion  through  intensifying  heat-mass  transfer  in  the  boundary  layer  on  the  back  evoked  the 
^•S  growth  up  to  30  W/cm  K,  so  it  ensured  a  stable  regime  of  heat  removal  under  6  kW/cm2 
(while  flow  rate  was  not  far  from  1.1  m/s). 

The  dj -dependence  on  the  filtrate  flow  rate  u  is  linear  for  u  >  0.5  m/s.  When  u>  2  m/s 
the  magnitude  ofd.s  achieves  46  W/cm-°K  (Fig.  13). 

It  should  be  noted  thatc^  (u)  dependences  for  the  convective  regime  and  boiling  one  are 
similar.  Therefore,  we  may  state  that  in  our  experiments  the  heat  carrier  boiling  in  HPCM 
was  not  the  main  type  of  heat  utilization,  because  the  heat  transfer  regime  was  only  con¬ 
vective  and  stream  phase  was  a  means  of  effective  mixing  of  heat  carrier,  i.e.  the  phase 
intensified  the  convective  heat-mass  transfer  in  HPCM.  In  this  case  the  heat  transfer  in¬ 
tensity  is  one-two  orders  of  magnitude  greater  than  that  of  rough-surfaces  under  reinforced 
flow  regime.  It  enabled  us  to  provide  stable  regime  of  heat  removal  up  to  7  kW/cm z under  a 
negligible  overheating  of  HPCM  about  130 °C  and  moderate  consumption  of  heat  carrier  (  u  i 
2m/s,  Qt:  200  gramm/s). 

So,  investigation  of  a  stable  evaporation-condensation  heat  transfer  in  HPCM  and  SRMR 
has  shown  that  in-porous  boiling  occurs  in  the  following  way  [15]:  the  steam  bubbles  fill 
the  whole  section  of  a  pore.  As  a  pore  is  filled  the  steam  rushes  into  largest  connected 
porous  channels  and  streams  as  separated  microjets.  The  steam  microjets  either  are  inter¬ 
cepted  by  liquid  thrombs  or  fill  the  terminated  pores.  With  heating  up,  the  number  of  eva¬ 
porating  centers  and  microjets  increases,  as  a  result  of  that  the  steam  phase  fills  micro- 
dispersed  porous  cells.  A  natural  result  of  the  process  is  heat  crisis,  i.e.  the  occurrance 
of  a  steam  space  which  separates  the  filtrate  flow  field  from  the  heat  absorbed  one  in  the 
HPCM.  The  reinforced  heat  carrier  flow  in  a  porous  structure  only  directs  the  steam  phase 
penetration  and  somehow  shifts  the  srisis  to  a  more  intensive  heating  region. 

Analysis  of  the  acoustic  emission  signal  spectrum  enables  not  only  to  determine  the  cri¬ 
sis  starting,  but  to  study  more  closely  the  convective  heat  transfer  intensification  in 
case  of  boiling. 

The  characteristic  spectra  of  the  heat  exchanger  mock-up  with  and  without  a  penetrable 
structure  are  presented  in  Fig. 14. 

When  heat  flux  is  absent  we  can  observe  a  certain  equidistance  spectrum  of  the  signal 
obviously  associated  with  the  heat  carrier  cavitation.  The  low-frequency  modes  of  the  spec¬ 
trum  are  enhanced  by  the  heating  load  causing  the  surface  layer  boiling.  A  further  growth  of 
the  heat  flux  density  leads  to  the  equidistance  spectrum  degeneration  into  the  main  cur¬ 
rent,  so  that  its  frequency  reduces  to  1  kHz.  Such  spectrum  transformation  may  be  attribu¬ 
ted  to  an  increase  in  the  average  diameter  of  a  bubble  in  the  structure  and  decrease  in 
their  account.  We  may  also  assert  that  when  the  boiling  starts  the  evaporation  in  different 
places  is  incorrelated ,  therefore,  the  bubbles  have  a  variety  of  diameters  and  generation- 
-collapse  frequencies,  while  in  the  precrisis  regime  a  certain  feedback  occurs  which  makes 
the  bubbles  to  achieve  some  value  of  diameter  and  then  collapse.  Evidently,  an  acoustic 
standing  wave  of  rather  a  large  amplitude  (1  atm)  occurs  in  the  heat  exchanger.  At  the  mo¬ 
ment  of  discharge  ir.  the  crests  of  the  wave  the  evaporating  conditions  are  lightened,  while 
at  the  periods  of  compression  the  condensation  conditions  are  lightened  and  it  is  due  to 
the  controlling  acoustic  wave  that  the  steam  sheet  srisis  (burn-out)  does  not  occur.  The 
existance  of  this  phenomenon  is  illustrated  by  the  oscillogram  of  an  acoustic  emission  sig¬ 
nal  in  case  of  impulse-periodic  heating  (Fig. 15).  Between  the  heat  impulses  there  are  ob¬ 
served  acoustic  oscillations  multiple  of  heat  impulses  frequency.  The  multiplicity  is  de¬ 
fined  by  heat  carrier  consumption.  On  maximum  and  minimum  of  differential  pressure,  noise 
signal  has  its  source  in  bubbles  generation  and  collapse. 

So,  these  experimental  results  of  evaporation-condensation  heat  transfer  in  the  struc¬ 
tures  like  HPCM  and  SRMR  have  shown  that  their  utilization  enables  to  realize  the  magni¬ 
tude  of  heat  removal  about  7.0  kW/cm2. 


Conclusion ■ 


SRMR  and  HPCM  are  the  structures  of  new  types  used  as  heat  exchangers  of  laser  mirrors. 
They  possess  an  unique  combination  of  structural,  thermal  and  hydraulic  properties.  Their 
use  will  enable  realizing  the  record  level  of  heat  removal  in  the  regime  of  subcooled  rein¬ 
forced  in-porous  boiling  of  heat  carriers. 
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FORMATION  OF  A  PREGIVEN  REFLECTING  SURFACE  TOPOGRAPHY 
BY  ELASTIC  DEFORMATION  OF  THE  MIRROR  SUBSTRATE. 

V.V.  Apollonov,  S.A.  Chetkin,  E.A.  Ivanova,  A.M.  Prokhorov. 
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Abstract . 

Method  of  precise  formation  of  a  pregiven  reflecting  surface  topography  is  suggested 
and  investigated.  Accurate  experimental  verification  of  this  method  is  conducted. 

Introduction. 


Synthesis  of  the  reflecting  surface,  conjugated  to  wave  front  aberrations  with  the  use 
of  control  elastic  substrate  deformation  makes  it  possible  to  correct  phase  distortions  of 
the  coherent  radiation  flows. 

This  method  is  rather  simple  in  realization  and  widely  used  while  constructing  the  adap¬ 
tive  optical  systems  for  lasers  and  astronomical  telescopes.  At  the  present  time  there  con¬ 
structed  a  few  mirror-type  phase  correctors  (adaptive  mirrors  (AM))  having  aperture  diame¬ 
ter  from  several  cm  [1]  to  a  meter  [8]  and  a  number  of  control  channels  (  i.e.  amount  of 
actuators  )  from  several  units  [3,7]  to  several  hundreds  [9].  Study  of  the  AM  in  adaptive 
optical  system  showed  that  this  method  of  forming  of  aberrationless  coherent  radiation 
flows  in  the  media  with  nonstationary  sources  of  phase  distortions  is  universal  and  highly- 
efficient.  However,  the  application  limits  of  this  approach  and,  in  the  first  place,  the 
problem  on  the  accuracy  of  formation  of  the  AM  reflecting  surface  conjugated  with  different 
wave  front  aberrations  has  no  practical  solution  [2,4-6]. 

Any  phase-conjugated  AM  surface  can  be  represented  as  a  superposition  of  its  influence 
functions.  Therefore,  for  a  solving  this  problem,  physically  grounded  model  notions  on  the 
formation  of  influence  function  to  the  action  of  one  actuator  should  be  stated  which  ade¬ 
quately  reflect  the  specific  features  of  deformation  of  AM  substrate  by  a  striction  actua¬ 
tor  and  assume  accurate  analytic  interpretation. 

The  present  work  reports  the  theory  of  formation  of  the  surface  conjugated  to  the  wave 
front  aberration  by  AM  made  as  a  thin  plate  fixed,  on  boundary  and  supported  at  the  finite 
number  of  points  upon  elastic  supports  -  actuators.  The  main  experimental  results  validated 
the  fundamental  positions  of  the  theory  are  also  reported. 

For  experimental  investigation  we  have  chosen  a  model  of  adaptive  mirror  with  5  piezo¬ 
electric  ceramic  actuators.  Dimensions  and  position  of  the  mirror  elements  are  represented 
in  Fig.l  A,B.  Interferometric  study  of  the  formation  of  the  reflecting  surface  relief  in 
static  and  dynamic  regimes  has  been  carried  out  in  a  stroboscopic  Fizeau  interferometer 
(Fig. 2,  [10]).  The  method  used  for  interf erogram  processing  garanties  a  A  /20  accuracy 
(  A  =0.6328  jutn  )  for  a  definition  of  the  mirror  surface  relief  in  chosen  cross-section. 


Experimental  Results. 
a. Static  regime. 

Study  of  the  formation  of  the  AM  influence  functions  at  the  drive  voltage  -600  t 
+600  V,  applied  on  one  actuator  has  demonstrated  that  the  influence  functions  defined  in 
the  cross-section  via  a  central  and  two  adjacent  actuators  have  a  bell-like  form.  Maximum 
of  the  mirror  surface  response  takes  place  at  the  actuator  disposition.  The  relief  is  con¬ 
cave  or  convex  versus  a  sign  of  drive  voltage.  Figure  3A  illustrates  the  influence  func¬ 
tions  of  central  (1)  and  peripherial  (2)  actuators  for  +600  V  drive  voltage.  The  AM  inf¬ 
luence  functions  profiles  are  spacially  similar  for  different  values  of  drive  voltage. 

The  deflection  of  mirror  surface  can  be  represented  as: 

W ( r ) =Wmax • f ( r )  ( 1 ) 

where  f(r)  is  the  mirror  influence  function  normalized  to  a  maximum  deflection,  this  func¬ 
tion  is  independent  of  drive  voltage;  Wmax  is  the  maximum  deflection  of  reflecting  sur¬ 
face  with  the  given  voltage  applied  to  actuator.  The  reflecting  surface  profiles,  forming 
under  drive  voltage  -600  f  +600  V  are  spacially  similar  with  2%  accuracy.  That  lies  with¬ 
in  the  error  of  interf erogram  processing.  Maximum  deflection  dependences  of  the  AM  surface 
on  applied  voltage  for  central  and  peripherial  actuators  are  represented  in  Fig.3B.  In  the 
voltage  range  studied  the  dependences  are  linear.  Hence,  the  AM  reflecting  surface  profile, 
forming  under  the  drive  voltage  U  is  the  following: 
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W(r)=K-U-f (r)  (2) 

The  influence  function  f(r)  determines  the  shape  of  the  surface  relief , factor  K  characteri¬ 
zes  maximum  deflection  dependence  of  the  AM  surface  on  drive  voltage.  The  value  of  K  and 
the  form  of  f(r)  are  independent  of  drive  voltage,  but  they  are  defined  by  the  actuators 
arrangement,  their  mechanical  and  piezoelectric  properties  and  substrate  stiffness. 

The  formation  of  mirror  surface  relief  under  the  action  of  several  actuators  was  inves¬ 
tigated  in  the  case  when  the  same  drive  voltage  which  varied  in  the  -600  i  +600  V  range  was 
applied  to  central  and  two  adjacent  actuators.  The  data  show  that  the  actuator  influence  on 
AM  substrate  is  additive.  Hence,  the  AM  surface  profile  formed  when  voltage  is  applied  to 
alL  the  actuators  is  the  following: 


5 

W(r)=  Zw;|r)  (3) 

!=/ 

where  W, (r)  is  the  surface  profile  formed  under  the  action  of  the  i-th  actuator  defined  by 
eg . ( 2 ) . ' 

The  experiments  have  demonstrated  that  experimental  definition  of  the  maximum  deflec¬ 
tion  dependence  on  drive  voltage  and  mirror  influence  functions  for  the  all  actuators 
completely  defines  a  form  of  the  AM  reflecting  surface  profile  in  the  static  regime. 

b. Dynamic  regime. 

For  continuous  clastic  substrate  mirrors  with  discrete  actuators  in  a  static  regime  the 
shape  of  the  influence  function  is  determined  only  by  elastic  forces.  In  this  case  the 
determinated  features  of  the  formation  of  AM  influence  function  are  universal,  i.e.  they 
are  valid  for  all  the  AM  considered. 

In  the  case  of  actuator  excitation  by  a  time  variable  drive  voltage,  elastic  forces  are 
added  with  inertial  terms  limiting  by  the  substrate  and  actuator  mass;  partial  contribution 
of  these  forces  being  determined  by  the  time  constant  of  control  signal.  While  forming  AM 
surface  of  the  given  shape,  determination  of  the  time  interval  in  which  the  stationarity 
conditions  remain  valid  and  the  boundary  condition  beginning  from  which  resonance  effects 
become  sufficient  is  important. 

The  AM  surface  profiles  which  are  formed  with  the  sinusoidal  400  V  amplitude  and 
0+3  kHz  friequency  voltage  applied  to  the  peripherial  actuator  are  studied  in  the  dynamic 
regime.  The  AM  surface  profiles  corresponding  to  maximum  of  sinusoidal  drive  voltage  and 
different  frequencies  are  represented  in  Fiq.4.  The  influence  function  depends  on  control 
signal  frequency  which  is  higher  than  ~ 100  Hz  and  critically  changes  with  frequency  in¬ 
crease  . 

At  the  frequency  range  up  to  2.4  kHz  with  maximum  excitation  voltage  the  reflecting  sur¬ 
face  is  concave,  a  maximum  deflection  being  decreased  with  frequency  growth,  surface  be¬ 
comes  more  sloping  with  respect  to  a  shape.  With  the  frequency  600  Hz  maximum  deflection  of 
reflecting  surface  is  by  13%  differed  from  the  corresponding  one  in  a  static,  with  fre¬ 
quency  2  kHz  this  difference  is  63%. 

Increasing  of  the  exciting  signal  frequency  from  2.4  to  3  kHz  a  shape  of  the  reflecting 
surface  is  rapidly  changed,  causing  the  excitation  of  resonance  vibration  of  AM  substrate. 

Thus,  the  results  of  experimental  study  showed  that  in  a  static  the  interaction  between 
one  actuator  and  AM  substrate  is  reversible  linear  (  i.e.  elastic  ).  When  AM  substrate  is 
subjected  by  several  actuators  at  the  same  time,  the  forming  surface  is  a  superposition  of 
AM  influence  functions  to  the  action  of  each  actuator  separately.  These  features  show  that 
for  description  of  the  influence  function  the  elastisity  and  piezo-effect  linear  theories 
should  be  used. 

Model  of  the  Adaptive  Mirror. 

The  AM  with  a  continuous  reflecting  surface  and  discrete  actuators  typically  satisfies 
the  following  conditions:  the  thickness  of  mirror  substrate  is  small  in  comparison  with  its 
radius,  mirror  surface  deflections  are  small  in  comparison  with  substrate  thickness.  If 
these  conditions  are  satisfied,  the  process  of  elastic  deformation  of  the  mirror  substrate 
by  a  system  of  actuators  can  be  considered  using  the  thery  of  thin  plate. 

Within  this  theory  the  substrate  deflection  can  be  solved  by  the  following  equation: 

UW(r,f]=p/D  (4) 

where  p  is  the  load  per  unit  area;  D=EhJ/12( l-/r)  (  E  is  the  Young  modulus,  is  the  Pois¬ 
son  coefficient,  h  is  the  substrate  thickness ). If  the  plate  edge  is  clamped  the  following 
conditions  arc  satisfied  : 


W=0;dw/<}n=0  (5) 

If  the  substrate  is  loaded  by  transverse  pointwise  force  F  at  the  point  (r,f),  the  solution 
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of  eq.(4)  with  the  edge  conditions  (5)  has  the  form  [11]  : 


W(r,'f)  =  (R2/165TD)-F-aU,'f(^,e)  (6) 

alt,f,?,fli  =  (l-r2)  (  l-<?2)  +  (i2+<?2-2r?cos(f-e)  !ln[  (  r2  +<?2-2r?cos  (f -0)  )  /  (  i  +  r2?2 -2  r?Cos  (f  -  6)  )  ], 
R  is  the  substrate  radius. 

Let  us  consider  the  problem  of  deformation  of  the  substrate,  fixed  on  a  boundary  and 
supported  in  N  points  under  the  action  of  a  pointwise  force  F  applied  to  one  of  the  sup¬ 
ports.  As  the  force  is  applied,  the  substrate  is  deformed,  causing  the  reaction  forces  at 
the  points  of  location  of  the  other  supports.  Hence,  forming  relief  can  be  represented  in 
the  form  of  a  superposition  of  a  thin  plate  influence  functions  on  the  action  of  force  F 
and  reaction  forces  (force  F  is  applied  to  the  j-th  support  ): 

N 

W(r,'f)=  2  Pj  a;  (  r  j'f )  ,  (7) 

1=1 


where  Pj  =  ( R2/  16513  )  F,  P£  =  (  R2  /  165(D)  R;(j)  (  i*j  )  ;  a£(r,*P)  =  a  (  r  ,f>,  ?£ ,  Q\ )  ;  (  ?£ ,  Gi )  -  i-th 
support  coordinates.  ^ 

Substrate  deflection  at  the  point  of  support  can  be  written  as  W(££,0;)=k{  Rf(j), where  k 
is  the  actuator  stiffness.  Then,  reaction  forces  are  defined  from  the  following  system: 


-a;;  + 


16fiD/R4-l/ki-S[-j)Rj(  y- 


(8) 


where  a;:  =  a ; ( ,0j  ),  R;iu)is  the  reaction  force  taking  place  in  the  i-th  support  when  force 
F(«>  is  applied  to  the p  -th  support.  Thus,  there  is  a  linear  relation  between  the  reaction 
and  applied  pointwise  force;; 


Ri(M)=V  F',y) 

where  Gjji  is  defined  from  the  matrix  equation: 

G>«;  =  (-aj j  + 1 6ff C/R  •  1  / k£ •  &;j  )*a 


(9) 


10) 


Hence,  the  plate  surface  relief, 
following: 


forming  under  the  action  of  pointwise  load  F^  is  the 

V 


W(r  ,f  )=(R2/16tf  DIFj^G^  a;+  a „ )  =Ff/t)  (  r ,  (11) 

_ 

where  fu{r,y)  is  substrate  influence  function  for  the  action  of  unit  force,  applied  to  the 
the  p  -th  support  which  is  defined  by  arrangement  of  elastic  supports,  substrate  and  sup¬ 
ports  stiffness.  Load  F(/U)definds  the  amplitude  of  substrate  deflection.  When  drive  voltage 
is  applied  to  all  the  actuators,  forming  profile,  because  the  equations  of  the  theory  of 
thin  plate  are  linear,  has  the  form  : 

A/ 


W(r,V)  =  ZF;  f:  (r  ,'P) 
(=1  1  1 


(12) 


The  longitudinal  deformation  of  piezoelectric  ceramic  actuator  is  caused  by  a  trans¬ 
versal  or  longitudinal  piezoeffect. The  relationship  between  electric  and  mechanical 
variables  in  the  case  of  transversal  piezoeffect  is  given  by  the  form  [12]: 


S£-Sj£Tj-t-dj[E3  (13) 

°3  =  d3(  Ti  +^33  e3 

where  Sjis  the  longitudinal  deformation  of  actuator  ,  Tj is  the  mechanical  stress  in  trans¬ 
verse  actuator  cross-section,  E3  is  the  intensity  of  transverse  electric  field  applied  to 
actuator;  s a  is  the  elasticity,  d3£  is  the  piezoelectric  constant ,£33  is  free  electric  cons¬ 
tant  of  the  actuator  material. 

The  actuator  elongation  is  S(l,  where  1  is  the  actuator  length.  As  actuator  is  rigidly 
connected  with  the  mirror  substrate,  this  elongation  is  equal  to  deflection  of  the  mirror 
surface  upon  the  actuator  W0 .  The  force  applied  to  the  clastic  substrate  can  be  written  in 
the  form  F=-Tj(3 , where  6  is  the  area  of  transvers  actuator  cross-section.  E3=U/d, where  U 
is  the  voltage  applied  to  actuator,  d  is  its  transverse  dimension.  Then,  F=6/sjj  [-W0/l+ 
djjU/d].  The  substrate  deflection  upon  actuator  is  related  to  influence  function  by  the 
equation  W0=  F  f ,  (?(,fli)  , where  i  is  the  actuator  number  ,  (?;,$])  arc  its  coordinates.  Elasti¬ 
city  is  slt  -G/(ikiJ ,  where  kj  is  the  actuator  stiffness.  Hence,  the  force  produced  by  actuator 
is  related  to  voltage  by  linear  equation: 

F;  =d3,  Ui  /  (  (ff  (  ?i  ,0f  )  1 1 i+S',S11)d)  (14) 


300 


Piezoelectric  and  mechanical  properties  of  actuators  may  be  different. In  this  case  for  a 
definition  of  the  influence  function  and  the  proportional  coefficient  between  force  and  ap¬ 
plied  voltage  we  must  use  individual  stiffness  and  piezoelectric  constants  for  each  actua¬ 
tor.  Thus,  the  presented  method  of  the  description  of  the  AW  surface  shape  allows  to  take 
into  account  the  differences  in  actuators'  properties. 

The  model  of  thin  plate  makes  it  possible  to  explain  the  main  mechanisms  of  the  forma¬ 
tion  of  experimentally  studied  AM  surfaces:  spatial  similarity  of  profiles  forming  with 
different  voltage  applied  to  one  actuator;  linear  dependence  of  the  amplitude  of  AM  sur¬ 
face  deflection  on  the  control  voltage  applied  to  actuator,  additivity  of  the  actuator  in¬ 
fluence  on  substrate.  Let  us  consider  the  accuracy  of  the  description  of  AM  surface  profile 
within  a  theory  of  the  thin  plate. 

As  a  result  of  experimental  research  of  the  5-element  AM  we  have  recieved  influence 
functions  for  centra?  and  per ipheri--al  actuators  (Fig.3A).  Within  a  theory  of  the  thin  plate 
these  functions  can  be  represented  in  the  form  (7): 

5 

W(r,'P=0)  =  Zai(r,'P=0)Pi  (15) 

t=  1 

where  ^=0,  because  experimental  data  are  obtained  for  a  cross-section  via  central  and  two 
adjacent  actuators.  A  comparison  of  the  model  and  real  AM  profiles  enables  one  to  estimate 
the  accuracy  of  profile  description  within  a  theory  of  the  thin  plate.  While  determining 
the  parameters  p-t  according  the  represented  equations,  a  substantial  problem  is  that  the 
constants  of  actuators  and  substrate  stiffness  , piezoelectric  constant  of  actuator  material 
are  not  pregiven.  Therefore,  parameters  Pf  have  been  proceeded  from  experimental  data  by 
r.m.s.  approximation.  Model  profiles  obtained  for  approximation  of  the  AM  influence  func¬ 
tions  of  central  and  peripheri^al  actuators  are  presented  in  Fig.3A.  In  the  former  case, 
r.m.s  error  of  approximation  is  2.7%  ,  in  the  latter  one  -  3.4%  of  maximum  deflection  of 
the  mirror  surface:  for  drive  voltage  +600  V,  it  is  0.06  and  O.l/o-r  ,  respectivly.  Thus, 
the  AM  surface  profile,  forming  in  chosen  cross-section  is  approximated  by  thin  plate 
influence  functions  with  the  accuracy  3%. 

The  estimation  obtained  proves  that  application  of  the  method  based  on  the  theory  of 
thin  plate  for  description  of  the  formation  of  AM  reflecting  surface  relief  and  estimation 
of  the  quality  of  correction  of  phase  distortions  is  expedient. 


Numerical  Simulation  of  the  Correction  of  Aberrations  by 

Adaptive  mirror. 

For  the  correction  of  aberrations,  the  AM  control  system  must  provide  a  coincidence  of 
control  voltage  on  actuators  in  order  to  form  reflecting  surface  of  the  given  shape. 

A  reflecting  surface  profile,  forming  by  the  action  of  actuators  is  (7): 

V 

W(r,'P)  =  Za:(r,f>)P;  (16) 

Ul 

where  a^(r.'P)  depends  on  actuator  position  relatively  to  the  point  (r,'f),  Pj  defines  the 
actuator  contribution  to  the  formation  of  reflecting  surface.  The  equation  for  approxima¬ 
ted  surface  in  the  uniform  form  is: 

Wa  (  r  ,'f)  =Wmax  0  (  r  ,'f)  (17) 


The  problem  of  formation  of  reflecting  surface  profile  of  the  given  shape  is  solved  by  a 
determination  of  P [  which  provide  best  approximation  W(r,*f)  to  the  profile  of  forming  sur¬ 
face  Wafr^J.The  approximation  degree  can  be  characterized  by  the  r.m.s.  error: 

&  A  „ 

S=(l/ffA2)  S  S(W(r,f)-Wa(r,f)  )  rdrd  f  (18) 

0  o 

where  A  is  the  aperture  radius  on  which  the  surfaces  are  conjugated. The  minimum  S  con¬ 
dition  in  view  of  equation  (16)  has  the  following  form: 
tfr  a  w 

q$(  Z  a;  (r  ,f)Pt- -Wmax  0(r  ,'f)  )aK(r  ^Irdrdf  =0  (k=l,N)  (19) 

or  matrix  form: 


b,-p  Pf  =g j 


where 


D  »»A  WA 

o; ;  =5  $a  :  (  r  ,'f )  a:  (  r  ,'f )  rdrd'P,  g;  =Wmax  $  $0  (  r  ,  f )  a;  (  r  ,'f )  rdrd'P 

J  o  o  J  ''an  * 


(20) 


By  solving  a  set  of  simultaneous  equations  (19)  we  find  P[,  providing  minimum  r.m.s.  devia¬ 
tion  of  mirror  reflecting  surface  forming  under  the  action  of  actuators  from  the  surface  of 
a  required  shape.  Coefficients  a((r,f)  depend  only  on  mutual  actuators'  location  and  do  not 
depend  on  the  other  mirror  parameters.  Hence,  parameters  P[  characterizing  the  actuators 
contributions  to  the  formation  of  profile  are  determined  by  mutual  actuators'  location 
and  the  shape  of  approximated  surface. 
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To  characterize  the  accuracy  of  approximation  we  introduce  the  dimensionless  error, 
i.e.  r.m.s.  deviation  within  the  active  aperture: 

£  =Vs/Wmax  (21) 

The  presented  method  of  the  definition  of  best  approximation  of  surface  of  a  pregiven 
shape  by  AM  is  universal  because  parameters  P;  and  dimensionless  error  £  are  the  same  for 
all  the  mirrors  with  identical  actuators'  number  and  arrangement,  and  are  independent  of 
the  mirror  size,  material  parameters. 

The  distortion  shape  has  been  represented  in  the  form  :  0  ( r  .'P )  =C-1f(  r  .'f )  ,  where  ^(r,^) 
is  one  of  the  Zydel  aberrations: 

O 

r  -  defocus 

r4  -  spherical  aberration 
r  cos(^P)  -  distortion 
r3cos('f)  -  coma 
r2cos2(*P)-  astigmatism 

C  is  the  constant  providing  minimum  conjugation  error  of  the  mirror  surface  with  one  of  the 
Zydel  aberrations.  A  choice  of  the  5  primary  aberrations  for  a  simulation  is  due  to  the 
fact  that  in  practice  these  aberrations  greatly  contribute  to  light  intensity  distribution 
quality.  We  have  :onsidered  round  thin  plate  AM  with  a  clamped  edge.  This  is  standart  small 
size  AM  construction  used  in  laser  systems.  The  edge  fixation  permits  to  render  the  const¬ 
ruction  stiffness  and  stability  requied  for  preparing  high  optical  quality  reflecting  sur¬ 
face.  However,  this  feature  limits  the  opportunities  of  the  control  of  the  mirror  surface 
shape  because  edge  deflection  and  slope  are  determined.  By  limiting  the  active  aperture,  on 
which  the  surfaces  are  conjugated,  it  is  possible  to  decrease  the  influence  of  edge  condi¬ 
tions  on  the  accuracy  of  correction.  The  residual  compensation  error  of  pregiven  distorti¬ 
on  by  the  AM  is  defined  by  the  type  of  distortion,  the  number  of  actuators,  their  mutual 
location  and  the  diameter  of  active  aperture. 

The  hexagonal  actuator  arrangement  is  typical  for  AM.  This  configuration  is  defined  by 
a  number  of  points  N  and  distance  between  the  points  -  b.  We  have  chosen  the  following  set 
of  configurations:  N=7 , 19 , 37 , 61 ;  distance  b  was  varied  from  the  value,  corresponding  to  ac¬ 
tuator  filling  of  the  half  of  aperture,  up  to  the  value,  corresponding  practically  to  a 
full  mirror  aperture  filling  (with  regard  to  the  actuator  finite  size).  Aperture  radius  was 
varied  from  Rm  to  0 . 6Rm  (Rm  is  the  mirror  radius).  Figure  5  illustrates  the  results  of  op¬ 
timization  of  a  distance  between  actuators  for  the  compensation  of  primary  aberrations  by 
the  mirror  with  N=37  and  three  values  of  aperture  radius.  For  all  types  of  aberrations 
considered,  the  actuator  arrangement  on  maximum  distance  from  each  other  is  optimum.  The 
study  of  configuration  with  N=61  has  demonstrated  that  in  this  case  maximum  distance  bet¬ 
ween  the  actuators  is  optimum  too.  The  dependences  are  similar  to  those  in  Fig. 5.  In  the 
case  of  N=19  the  dependence  of  r.m.s.  error  on  the  distance  between  actuators  for  three 
types  of  aberrations  (which  are  coma,  astigmatism  and  distortion)  are  similar  to  N>19,  but 
for  defocus  and  spherical  aberration  for  some  values  of  aperture  radius  minimal  error  cor¬ 
responds  to  values  b  which  are  not  equal  to  maximum  distance  between  the  actuators  (Fig. 6). 
However,  the  actuators  displacement  at  maximum  distance  from  each  other  insignificantly 
decreases  the  accuracy  of  correction  in  comparison  with  best  value  which  can  be  achieved. 
Hence,  this  arrangement,  apparently,  is  optimum.  For  N=7  (Fig. 7)  the  minimum  of  £(b) 
essentially  depends  on  aperture  radius  and  the  type  of  aberration.  The  universal  confi¬ 
guration  for  the  correction  of  primary  aberrations  does  not  exist  in  this  case.  Figure  8 
illustrates  the  dependence  of  the  accuracy  of  correction  on  a  number  of  actuators  for  the 
aperture  A=0.8Rm  and  the  optimum  actuators  arrangement  in  each  case.  The  dependences  are 
symbolic  because  for  hexagonal  arrangement  the  number  of  actuators  take  on  discrete  values. 
The  smoother  is  aberration  the  less  is  influence  of  variation  of  the  number  of  actuators  on 
compensation  r.m.s.  error.  The  general  tendency  is  the  more  quiet  dependence  with  increase 
of  N,  that  proves  that  the  substantial  increase  of  the  number  of  actuators  is  not  expe¬ 
dient  for  the  compensatian  of  rather  smooth  distortions. 

The  study  of  hexagonal  arrangement  has  demonstrated  that  the  residual  error  is  rather 
sensitive  to  actuators  arrangement  when  their  number  is  constant.  Let  us  consider  the  case 
of  19  actuators  arranged  as  is  demonstrated  in  Fig. 9.  The  data  for  three  types  of  aberra¬ 
tions  and  optimum  arrangement  of  actuators  in  each  configuration  are  represented  in  tab.l. 

The  form  of  optimum  arrangement  depends  on  the  type  of  corrected  distortion.  For  cor¬ 
rection  of  defocus  an  arrangement  of  all  the  actuators  on  one  ring  is  preferable.  For  as¬ 
tigmatism  correction  the  best  is  two  rings  configuration;  for  coma  correction  the  best  is 
hexagonal  arrangement. 

The  important  problem  of  the  correction  of  pregiven  wave  front  distortions  by  the  AM 
is  the  dependence  of  the  accuracy  of  correction  on  the  accuracy  of  adjustment  of  the  system 
which  involves  tne  AM.  We  have  considered  the  defocus  approximation  by  the  AM  with  hexa¬ 
gonal  arrangement  of  19  actuators,  when  the  axis  of  light  incident  on  the  mirror  is  shifted 
relatively  to  the  mirror  center  at  the  value  ranging  from  O.OIRm  to  0.3Rm.  The  distance 
between  actuators  is  b=0.3Rm.  The  research  has  shown  that  small  shift  of  the  beam  axis  re¬ 
latively  to  the  mirror  center  causes  the  critical  error  increase  (Fig. 10).  The  O.OIRm  shift 
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causes  the  error  increase  in  4  times,  the  O.IRm  shift  causes  the  error  increase  in  30 
times. 

In  all  the  cases  considered  we  have  assumed  that  optical  system  is  adjusted  for  normal 
radiation  incidence  on  mirror  surface.  However,  in  practice  AM  may  be  used  at  unnormal 
incidence.  Figure  11  illustrates  the  dependence  of  accuracy  of  the  correction  of  defocus 
and  astigmatism  by  the  mirror  with  hexagonal  arrangement  of  19  actuators  on  an  angle  bet¬ 
ween  the  normal  to  the  mirror  surface  and  the  axis  of  incident  light.  The  distance  between 
actuators  is  b=0.48Rm,  the  aperture  is  A=0.6Rm.  The  dependences  demonstrate  that  the  maxi¬ 
mum  accuracy  of  conjugation  corresponds  to  the  case  of  normal  incidence  of  radiation. 

The  results  of  simulation  of  the  correction  of  5  aberrations  by  the  elastic  AM  with 
substrate  in  the  form  of  thin  plate  showed  that: 

1. No  configuration  of  arrangement  of  the  given  number  of  actuators  in  AM  exists,  provi¬ 
ding  highest  accuracy  of  the  correction  of  a  given  set  of  aberrations:  each  type  of  aber¬ 
ration  has  optimum  number  and  a  configuration,  providing  the  given  accuracy  of  correction 
at  the  given  subaperture. 

2.  The  accuracy  of  AM  correction  of  the  wave  front  aberrations  can  not  be  enhanced  by  un 
limited  increasing  of  the  actuator  number. 

3.  As  an  optical  element,  the  AM  in  optical  system  acts  as  a  lense  and  must  be  adjusted 
with  high  accuracy. 

4.  The  accuracy  of  AM  correction  of  phase  distortions  sufficiently  depends  on  the  angle 
of  incidence  of  laser  radiation  on  reflecting  surface.  Maximum  accuracy  of  the  correction 
reaches  at  normal  radiation  incidence. 

5.  Due  to  a  principle  fixation  of  the  AM  substrate  perimeter  maximum  accuracy  of  the  cor 
rection  of  aberrations  such  as  distortion,  coma,  astigmatism  and  more  high  orders  is  not 
principally  achievable  at  the  whole  AM  aperture. 

In  conclusion  the  authors  are  grateful  to  V.I.  Andryushin,  G.A.  Jhitomersky  and  V.V. 
Ostanin. 

References . 


1.  J.E.  Pearson,  S.  Hansen.  JOSA,  67,  325-333,  1977. 

2.  R.  Hudgin.  JOSA,  67,  393-395,  1977. 

3.  J.W.  Hardy,  J.E.  Lefebure,  C.L.  Koliopoulos.  JOSA,  62,  360-369,  1977. 

4.  D.  Bushnell.  AIAA  Journal,  17,  Nol,  71-77,  1979. 

5.  D.  Bushnell.  AIAA  Journal,  17,  Nol,  78-84,  1979. 

6.  D.  Bushnell,  J.  Skogh.  AIAA  Journal,  17,  No3,  288-295,  1979. 

7.  R.  Grane.  Appl.  Optics,  8,  No3,  538-542,  1969. 

8.  W.D.  Henderson,  S.V.  Gun,  Proc.  SPIE,  179,  51-60,  1979. 

9.  H.R.  Garcia,  L.D.  Brooks.  Proc.  SPIE,  141,  74-81,  1978. 

10.  V.V.  Apollonov,  S.N.  Temnov,  S.A.  Chetkin.  Investigation  of  adaptive  deformable  mirror 
with  piezoelectric  actuators.  Preprint  IOFAN  SSSR,  No231,  26p. ,  1987. 

11.  A.P.  Lurie.  Journal  of  Applied  Mathematics  and  Mechanics,  7,  Nol,  93-101,  1940. 

12.  Physical  Acoustics,  edited  by  W.P.  Mason,  v.l,  part  A.  Moscow:  Mir,  592p. ,  1966. 


303 


Fig. 1A 


Fig. IB 


FLg.lA  Adaptive  mirror  schematic. 

1  -  reflecting  surface; 

2  -  piezoelectric  ceramic  actuator. 
Fig. IB  Arrangement  of  adaptive  mirror 
actuators . 


Fig. 2  Block  diagram  of  the  stroboscopic 
interferometer 

1  -  electrooptical  modulator 

2  -  adaptive  mirror 

3  -  interferometer  patten  recorder 
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Fig . 3 A  Adaptive  mirror  influ-  Fig.3B  Maximum  deflection  of  Fig.3C  Profiles  of  adaptive 
ence  function  profiles  obtai-  adaptive  mirror  surface  vs  mirror  surface  at  +400  V  dri- 
ncd  experimentally  (1,2)  and  drive  voltage  on  central  (•)  ve  voltage  applied  on  1  -  left 
from  the  theory  of  thin  plate  and  peripherial  (a)  actuator,  actuator,  2  -  central  actua- 
(3,4) .  tor ,  3  -  right  actuator ,  4  - 

three  actuators  serai ltaneously 


Fig. 5B 


Fig. 5C 


Fig. 5  R.m.s. 


Fig.5D  Fig.5E 

error  of  correction  of  aberrations  by  the  adaptive  mirror  with  37 


actuators  vs  the  distance  between  actuators:  1  -  A=Rm;  2  -  A=0.8Rm;  3  -  A=0.6Rm 
A  -  defocus,  B  -  spherical  aberration,  C  -  distortion,  D  -  coma,  E-  astigmatism. 
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Fig . 6A  Fig.6B 

Fig. 6  R.m.s.  error  of  defocus  (A)  and  spherical  aberration  (B)  correction  by  the  adaptive 
mirror  with  19  actuators  vs  the  distance  between  actuators:  l-A=Rm;  2-A=0.8Rm;  3-A=0.6Rm 


Fig.7A  Fig.7B 

Fig. 7  R.m.s.  error  of  defocus  (A)  and  astigmatism  (B)  correction  by  the  adaptive  mirror 
with  7  actuators  vs  the  distance  between  actuators:  1  -  A=Rm,  2  -  A=0.8Rm,  3  -  A=0.6Rm. 


THE  ROLE  OF  PL  A  S  MO  C  HE  M I C A L  REACTIONS  IN  THE  FORMATION  OF  SPER-LASER  ACTIVE  MEDIUM 


V  .V  .Apollonov ,  A.A.Sirotkin 

General  Physics  Institute  of  the  USSR  Academy  of  Sciences,  Vavilov  str.  39, 

117942  Moscow,  USSR 

Abstract 

Investigation  of  the  mechanisms  of  active  medium  formation  in  lasers  with  segmented 
plasma  sources  of  metal  vapors  is  presented.  It  is  shown  that  plasmochemical  reactions  are 
the  main  mechanism  in  the  processes  of  active  medium  formation  in  lasers. 

The  attempts  to  realize  e  recombination  pump  scheme  have  resulted  in  the  creation  of 

a  SPER-laser  (segmented-plasma-excitation-recombination)^-* .  it  is  a  new  type  of  lasers 

operating  on  metal  vapour  and  using  excitation  by  the  pulsed  electrical  discharge.  The  ge¬ 
neration  at  a  great  number  of  atom  and  ion  transitions  was  realized  in  the  IR,  visible, 
and  UV  wavelength  regions.  The  authors*-?  suppose  that  the  inversion  at  the  atom  and  ion 
transitions  in  this  type  of  lasers  is  formed  as  a  result  of  the  ion  recombination  of  hig¬ 
her  ratio  at  the  metal  vapour  plasma  scattering  into  the  buffer  gas.  From  the  other  point 
of  view  in  papers”-®  the  possibility  is  considered  of  the  Cdll  ion  levels  population  at 
the  recharge  with  He+  ions  at  the  segmented  excitation.  Besides  that,  the  bulk  preioniza¬ 
tion  of  the  buffer  gas  was  observed  in  /8/,  and  it  was  shown  that  the  metal  vapour  plasma 
scattered  not  into  the  cold,  but  into  the  preliminary  excited  buffer  gas. 

Thus,  the  mechanisms  of  the  buffer  gas  excitation  and  the  role  of  the  plasmochemical 
reactions  in  the  process  of  the  SPER-laser  active  media  formation  are  not  clear  yet.  These 
problems  ere  considered  in  this  paper  on  the  example  of  a  SPER-laser  operating  at  the  Cd, 
Zn,  In  atom  and  ion  transitions. 

The  experimental  set-up  is  presented  in  Figure  1.  A  number  of  metal  (Cd,  Zn,  In)  elec¬ 
trodes  with  the  sizes  of  12x2x1  mm?  were  used  as  active  elements  (AE).  They  were  position¬ 
ed  in  a  line  on  a  dielectric  plate  with  a  1*1.5  mm  gap  between  the  neighbouring  electrodes 
The  pumping  is  realized  by  rectangular  current  pulses  (In  20*100  A,  voltage  Un=  10*20  kV , 
pump  duration  tn~3/Us).  He  or  Ne  with  the  pressure  P=  3*50  torr  was  used  as  the  buffer 
gas.  The  density  of/the  excited  atoms  and  ions  of  the  buffer  gas  and  metal  vapour  was  mea¬ 
sured  by  the  method  of  intracavity  laser  spectroscopy  (ICLS).  The  ICL-spectrometer  consis¬ 
ted  of  a  dye  laser  with  the  lamp  pumping  into  the  cavity  of  which  the  active  element  of 
SPER-laser  under  investigation  was  placed  and  a  diffraction  spectrograph  DFS-452.  The  spe¬ 
ctrum  was  recorded  on  a  photofilra  or  by  a  multichannel  optical  analyzer  (MDA )  with  the 
following  output  of  the  absorption  contours  on  a  recording  oscillograph. 

Figure  2  shows  the  dependences  of  the  excited  He  (2'F)  buffer  gas  atoms  on  the  pressu- 
re  ^He •  The  excited  He  atoms  were  registered  at  a  distance  of  18  mm  from  the  electrodes, 
and  the  maximum  density  of  the  excited  atoms  was  observed  at  the  leading  edge  of  the  pulse 
It  is  clear  from  the  figure  that  the  reduction  of  the  buffer  gas  pressure  resulted  in  the 
sharp  increase  of  He  (2?P)  excited  atoms  density  from  3.10°cm-?  to  5.10''cm-?  at  the  vari¬ 
ation  of  Pfje  from  30  to  5  torr.  At  Pye <  5  torr  firstly  we  observed  the  breakdown  by  the 
gas  between  the  neighbouring  electrodes  and  then  -  between  the  extreem  ones,  i.e.  the  glow 
discharge  by  the  buffer  gas  formed.  On  the  other  hand,  at  PHe  increasing  a  monotonous 
growth  of  the  metal  density  Nq^j  was  observed  (Figure  3).  The  density  dependence  of  the 
excited  two-fold  ions  had  another  character.  Firstly,  the  sharp  growth  of  Cdll  ions  con¬ 
centration  was  observed,  at  Pjje^12  it  achieved  its  maximum,  and  after  that  we  observed  its 
slow  decrease  (Figure  3). 

Let  us  consider  the  way  in  which  the  buffer  gas  atoms  are  produced  under  segmented  ex¬ 
citation.  It  is  well  known  that  the  glow  discharge  in  the  low-pressure  gas  develops  at  the 
voltage  exceeding  the  static  breakdown  one  Ust,  which  is  determined  for  the  gas  under  con¬ 
sideration  from  the  Pashen  curve  by  the  parameter  Pd  (there  d  is  the  distance  between 
the  electrodes). 

Figure  4  shows  the  oscillograms  of  the  current  end  voltage  pulses  operating  on  the  ac¬ 
tive  element  of  SPER-laser.  It  is  clear  that  firstly  the  total  charge  voltage  is  applied 
to  the  ends  of  AE  U  =  15  kV  which  significantly  exceeds  the  static  one  (Ug^  3  kV  at 
d  =  50  cm,  Pfjp=  10  torr).  Thus,  between  the  extreme  electrodes  of  AE  tne  glow  dischar¬ 
ge  begins  to  develop.  Simultaneously,  a  spark  channel  starts  its  formation  in  the  gaps 
between  the  neighbour  electrodes.  Note  that  in  this  case  the  UV  radiation  from  the  spark 
channel  plasma  as  well  as  the  field  disturbance  caused  by  the  electrodes  make  easier  the 
development  of  the  glow  discharge. 

The  conditions  for  the  development  of  the  brek-down  in  the  gas  and  sperk  channel  bet¬ 
ween  the  electrodes  depend  on  the  pressure  P,  type  of  the  buffer  gas,  overvoltage  E=U/d, 
the  size  of  a  gap  between  the  electrodes,  and  the  material  of  the  electrodes. 

Three  regions  can  be  separated  by  the  pressure  of  the  buffer  gas . 

At  low  pressures  P  <-  3*o  torr  the  glow  discharge  in  the  gas  develops  earlier  than  the 
spark  channel  between  the  electrodes.  In  this  case  the  current  runs  by  the  ionized  gas, 
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and  do  this  case  the  maximum  density  of  the  buffer  gas  excited  atoms  is  corresponded  (see 
Figure  2)  at  the  minimum  value  of  the  metal  vapour. 

At  ?  >  30  torr  we  observe  quite  the  reverse  case  -  the  discharge  In  the  gas  is  not 
formed  yet,  and  the  development  of  the  spark  channel  Is  already  finished.  For  the  most 
part  ,  the  current  runs  through  the  plasma  in  the  gaps  between  the  electrodes. 

There  is  a  third  intermediate  region  3*5  r  P<  20*  30  torr  where  the  excitation  of  the 
buffer  gas  atoms  at  the  development  of  .he  glow  discharge  is  observed  together  with  the 
formation  of  a  sparx  channel.  In  this  region  we  can  observe  the  generation  on  the  atom 
and  ion  transitions  in  SP3R-laser  2-3.  Thus,  there  is  a  relation  between  the  conditions 
for  the  formation  of  SP3R-laser  AM  and  the  presence  of  the  excited  buffer  ga3.  On  account 
of  this  fact  we  can  come  to  a  conclusion  that  the  energy  is  transferred  from  the  buffer 
gas  by  the  metal  ions  and  atoms.  And  this  can  account  for  the  behaviour  ofdensity  of  the 
excited  metal  ions  (Fig. 3)  at  the  variation  of  Ph» ,  assuming  that  the  metal  ions  are  for¬ 
med  as  a  result  of  plasmochemical  reactions  of  the  buffer  gas  with  the  metal  vapour  atoms. 

Let  us  consider  if  such  plasmochemical  reactions  as  recharge  on  the  buffer  gas  ions, 
Penning  ionization,  reactions  of  the  type  metastable-metastable  as  well  as  two-stage  reac¬ 
tions,  can  occur  under  the  condition  of  segmented  excitation  of  the  metal  vapour. 

1.  Figure  5  presents  the  oscillograms  of  the  current  I  pulses  and  radiation  pulses  of 
the  lines  Zn  II  6d2D5/2  (  >  =  384  nm),  Zn  II  4f2F  3/2  (ux  =491.1  nm)  and  Zn  II  4d2D  5/2 
(  .X  =  210  n.::)  with  the  buffer  gas  He  (Fig.4a,b,c)  and  Ne  (Fig. 4  d,e,f),  respectively.  It 
is  clear  that  the  character  of  the  line  glow  depends  on  the  position  of  Zn  II  and  buffer 
gas  levels.  For  the  levels  Zn  II  6d2o  5/2  (Zn  II  4f2F  7/2)  which  are  situated  higher  than 
He+(Ne)  and  are  populated  only  due  to  the  electron  shock  and  recombination,  the  quick  de¬ 
crease  of  the  glow  observed  after  the  extinction  of  the  pump  current  is  quite  characteris¬ 
tic.  For  the  lines  Zn  II  4f^F  5/2  (Zn  II  4d2D  5/2),  which  can  be  populated  due  to  the  re¬ 
charge  with  He+(Ne)  ions  He+  +  Zn  He  +Zn+*(4f2F  b/2),  Ne  +  +Zn  Ne  +  Zn+*(4d2D  5/2),  we  ha¬ 
ve  observed  durable  afterglow  (Fig.5b,f)  similar  to  the  glow  of  the  spectral  lines  in  the 
direct-current  discharge  '0.  It  is  also  clear  from  the  figure  that  the  change  in  the  ra¬ 
diation  intensity  is  observed  both  during  the  action  of  the  pump  current  and  and  during 
afterglow.  Fig. 5  presents  the  dependence  Na(He )/Na(Ne )  (where  Na(He)  and  Na(Ne)  are  the 
populations  of  the  levels  with  helium  and  neon  buffer  gas,  respectively)  for  different 
distances  r  from  the  electrodes  after  the  end  of  the  pump  pulse.  The  Na(He )/Na(Ne )  ratio 
was  determined  by  measuring  the  radiation  intensities  of  the  spectral  lines  Zn  II  4f2Pp/2 
and  Zn  II  4d2Dc?/2.  It  is  seen  from  the  figure  that  at  small  r,  where  mixing  of  the  me¬ 
tal  vapor  and  buffer  gas  is  negligible,  the  processes  of  recharging  and  recombination  are 
comparable.  At  large  r,  mixing  is  more  efficient  and  recharging  makes  the  major  contribu¬ 
tion  to  the  level  population  .  It  is  in  that  spatial  region  where  lasing  is  observed. 

These  experiments  show  that  the  process  of  Zn  ion  formation  (a  similar  picture  was  ob¬ 
served  for  Cd  also)  is  by  an  order  of  magnitude  more  efficient  that  the  electron  shock  or 
recombination  due  to  the  recharge  reaction. 

At  the  change  of  the  buffer  gas  from  He  to  Ne  the  redistribution  of  the  population  on 
the  lower  levels  occurs.  It  should  be  pointed  out  that  at  such  a  change  the  intensity  of 
the  S?3R-laser  radiation  at  the  atom  transitions  varies  insignificantly,  i.e.  to  a  first 
approximation  we  assume  the  number  of  the  recombining  one-time-charged  ions  to  remain 
constant . 

2.  It  is  well  xnown  that  neon  and  argon  break  the  metastable  states  He  (2'S0)  and 

He  (23s-|).  In  our  experiments  at  the  addition  of  Ne  into  He  buffer  gas  we  observed  the  re¬ 
duction  of  the  intensity  and  duration  of  the  line  glow  Cd  II  4d°  2p  5/2,  3/2)  and  Zn  II 
(3d^  2D  5/2,  3/2).  These  lines  can  be  populated  at  the  Penning  reaction  with  the  He  meta- 

He(23s1)  +  Cd  —  He  +  0d+*(4d9  2D^/2  3/2 )  +  e 

He (2^S1 )  +  Zn  —  He  +  Zn"*(3d5  2^b/2  3/2 >  +  e 

Thus,  at  the  analysis  of  the  formation  mechanisms  of  SP3R-laser  active  media  it  is  ne¬ 
cessary  to  take  into  account  the  Penning  reaction  as  well. 

3.  In  /6 /  the  possibility  of  Cd  II  4f2F°  levels  population  at  the  Penning  reaction  of 
He  metastables  with  Cd  metastables  (He(23c  )  +  Cdtb^P-J-^He  +  Cd+*+  e)  was  considered  for 
the  explanation  of  the  second  burst  of  afterglow. 

This  effect  was  observed  in  our  experiments  with  Cd  and  Zn  as  well  (see  Figures  3b,  5f), 
but  we  failed  to  explain  it  for  this  reaction  since  the  process  does  not  pass  by  energy. 

To  our  mind,  the  radiation  intensity  in  the  far  afterglow  is  associated  with  the  recharge 
of  the  metal  atoms  on  He+  ions,  whicn  are  formed  at  the  interaction  of  He  metastables  1  . 

4.  In  /3-4/  the  generation  was  realized  in  the  visible  and  UV  wavelength  regions  on 
In  III  and  Bi  III  transitions  as  a  continuation  of  Cd  II  and  Pb  II  electron  row,  respec¬ 
tively.  Let  us  consider  the  possibility  of  the  population  of  In  III  and  Bi  III  upper  la¬ 
ser  levels  by  means  of  plasmochemical  reactions. 

Figure  7  3hows  the  partial  diagrams  of  energetic  levels  for  In  and  Bi.  It  is  clear 
that  they  have  a  similar  structure.  The  main  states  Inland  Bi+ L  are  in  the  vicinity  of  the 
the  resonance  with  He+,  which  makes  possible  the  reaction  of  recharge  accompanied  by  the 
Penning  ionization. 

He+  +  In  — ■  He  +  In+ ‘  e  He +  1  Bi  — ■  He  +  Bi+  -t  e 
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In  /1 3/  they  pointed  out  that  great  cross-3ections  (  10“^ ^cm^)  correspond  to  such 

reactions  at  which  the  summary  energy  of  the  electron  coatings  is  kept  constant. 

Besides,  it  is  clear  from  the  diagram  (figure  7)  that  for  such  elements  a  unique  situ¬ 
ation  is  realized,  since  the  energetic  gaps  between  the  main  states  In++  ,  Bi+  and  the 
upper  laser  levels  4f2F^2^n  an<^  6f*-F- /gBilll  are  20.00  eV  and  20.114  eV,  respective¬ 
ly,  which  is  near  the  resonance  with  He  metastable  state  (2*s0). 

Due  to  this  fact  the  excitation  transfer  should  be  effectively  realized  according  to 
the  following  scheme:  „ 

He ( 2 ' S  Q )  +  In  —  He  +  In+" 

He(2'S0)  +  Bi"  -r  He  +  Bi+  +  * 

Such  a  two-stage  recharge  process  with  Penning  ionization  by  He+  ion  and  the  excitati¬ 
on  transfer  from  He  metastable  cam  result  in  the  selective  population  ofthe  upper  laser 
levels  in  In  III  and  Bi  III. 

For  the  experimental  test  of  such  a  supposition  some  quantity  of  neon  and  argon  was 
added  into  He  buffer  gas  of  SPER  laser  operating  on  In  vapour,  which  causes  the  destruc¬ 
tion  of  He  (2*S  )  and  Ne  (23s.)  metastables.  The  reduction  in  the  glow  intensity  of  In  III 
spectral  lines  t4f^f=/2  n/o)  was  obtained  with  the  increase  of  the  additive  concentrati¬ 
on.  At  the  total  changi’of'He  for  Ne  these  lines  were  not  registered. 

Taking  into  account  all  the  mentioned  above  we  can  explain  the  fact  that  the  authors 
of  /4/  did  not  obtain  generation  on  Bi  III  transitions  (5rP0  -  6p2P)  with  =  2074  A. 

It  can  be  explained  by  the  great  difference  in  the  energetic  levels  between  Bi++  (17.04eV) 
and  He  metastable,  and  consequently  by  the  low  efficiency  of  the  excitation  transfer. 

Thus,  it  is  shown  in  this  paper  that  plasmochemical  reactions  are  the  main  mechanism 
for  the  formation  of  the  laser  active  media  with  a  segmented  plasma  source  of  the  metal 
vapour.  The  population  of  Cd  II  and  Zn  II  ion  levels  occurs  at  the  recharge  with  He+  ions 
In  III  -  at  the  recharge  with  ionization  and  the  following  excitation.  These  processes 
are  more  efficient  than  recombination  or  electron  shock. 

The  pump  recombination  mechanism  is  realized  on  the  atom  transitions,  in  this  case  the 
one-time-charged  ions  are  formed  in  the  process  of  plasmochemical  reactions.  The  recombi¬ 
nation  pump ,  o  our  mind,  can  also  be  observed  for  the  one-time-charged  ions  of  the  ele¬ 
ments  (Ca,Sn,Pb,Sr,  etc)  the  two-times-charged  ions  of  which  can  be  obtained  using  the  re¬ 

charge  with  ionization. 
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ABSTRACT 

We  present  a  review  on  the  actual  significance  of  far-infrared  gas 
lasers  in  basic  laser  physics.  The  main  aspects  are  deterministic 
chaos  and  linear  as  well  as  nonlinear  distributed  feedback. 


INTRODUCTION 

In  recent  years  far-infrared  gas  lasers  evolved  as  valuable  tools 
for  the  experimental  study  of  two  different  basic  concepts  in  laser 
science,  i.e.  distributed  and  helical  feedback  on  one  hand  as  well 
as  deterministic  chaos  on  the  other  hand. 

In  1975  Haken  proved  that  the  theoretical  model  of 
deterministic  chaos  postulated  by  Lorenz  in  1963  can  also  be 
applied  to  the  nonlinear  dynamics  of  lasers  under  specific 
conditions.  In  the  meanwhile  it  was  realized  that  specifically 
designed  optically  pumped  far-infrared  gas  lasers  exhibit  the 
phenomena  characteristic  for  deterministic  chaos.  These  include  the 
transition  from  the  stationary  oscillation  as  well  as  the  intermittant 
route  of  Manneville-Pomeau.  Therefore,  the  current  research 
concentrates  on  the  quantitative  interpretation  of  instabilities  and 
chaos  in  far-infrared  gas  lasers  in  view  of  the  theory  on 
deterministic  chaos. 

With  respect  to  the  experimental  investigation  of  the  mode 
properties  of  distributed  and  helical  feedback  laser  systems  and  the 
comparison  of  the  results  with  the  theoretical  predictions  the 
optically  pumped  far-infrared  lasers  have  proven  to  be  superior  to 
semiconductor  and  dye  lasers  mainly  due  to  their  narrow  gain 
profile.  Thus,  it  was  possible  to  test  the  coupled-wave  theory 
relevant  to  distributed  feedback  (DFB)  with  weak  periodic 
modulation  of  the  index  of  refraction  or  waveguide  cross-section, 
to  investigate  the  in-gap  modes  occurring  in  distributed  feedback 
with  phase  matching  achieved  by  gaps  in  the  periodic  laser 
structure,  to  realize  helical  feedback  (HFB)  with  waveguide 
structures  of  the  symmetries  of  the  helix  and  the  double  helix,  and 
finally,  to  verify  quantitatively  nonlinear  gain  saturation  and  pulse 
formation  in  distributed  and  helical  feedback  lasers. 


DETERMINISTIC  CHAOS 

Instabilities  in  laser  emission  notably  in  the  form  of  coherent 
pulsations  have  been  observed  almost  since  the  first  demonstration 
of  laser  action.  The  first  laser  operated  in  1960  by  Maiman  [1] 
generated  noisy  spiked  output  even  under  condition  of  quasi  steady 
excitation.  Subsequent  theoretical  effort  towards  an  understanding 
of  these  phenomena  remained  on  a  modest  level  until  Haken  [2] 
demonstrated  that  the  Lorenz  model  [3,4]  of  deterministic  chaos 
can  also  be  applied  to  the  nonlinear  dynamics  of  lasers.  In  the 
meanwhile,  a  large  variety  of  experiments  on  pulsating  instabilities 
and  chaos  in  lasers  has  been  performed  [5-8].  Optically  pumped 
far-infrared  lasers  have  proven  to  be  predestinated  for  this  kind  of 


experiments.  This  was  first  recognized  by  Weiss  et  al.  [8-11].  For 
this  purpose  they  applied  81.5  pm  NH3  [8-10]  and  117  pm 
CH2F2  [1 1]  lasers.  Laser-pumped  gas  lasers  are  usually  not 
properly  described  by  the  three  Lorenz  equations  of  a  two-level 
laser  derived  by  Haken  [2],  The  coherent  coupling  of  the  three 
levels  of  a  laser-pumped  gas  laser  includes  nine  equations.  The 
conditions  for  the  reduction  of  these  nine  equations  to  the  three 
Lorenz  equations  have  been  formulated  by  Dupertuis  et  al.  [12], 
This  reduction  is  possible  with  some  restrictions  for  optically 
pumped  far- infrared  lasers. 

Consequently,  optically  pumped  far-infrared  lasers  are 
especially  suited  for  the  study  of  pulsating  instabilities  and  chaos  in 
lasers.  In  this  context  it  should  be  mentioned  that  they  permit  to 
demonstrated  the  sequence  of  subharmonic  instabilities  to  chaos  in 
detail  [10).  Other  phenomena  of  deterministic  chaos  are  under 
investigation. 

DISTRIBUTED  AND 
HELICAL  FEEDBACK  LASERS 

In  lasers  the  optical  feedback  is  usually  provided  by  the 
reflections  on  the  two  mirrors  of  the  conventional  laser  resonators. 
The  main  handicap  of  these  resonators  with  the  optical  feedback 
localized  at  the  mirrors  is  the  similarity  of  the  losses  of  their 
fundamental  longitudinal  modes  which  are  separated  by  c/2R  in 
frequency.  R  indicates  the  length  of  the  resonator  and  c  the  speed 
of  light.  This  handicap  impedes  the  single-mode  operation  of  lasers 
with  a  broad-band  gain  of  the  active  medium,  i.e.  of  dye, 
semiconductor  and  high-pressure  gas  lasers.  This  can  be  avoided 
by  replacing  the  conventional  optical  resonators  by  axially  periodic 
or  helical  laser  structures.  In  these  laser  structures  the  optical 
feedback  is  provided  by  backward  Bragg  scattering  from  periodic 
or  helical  modulations  of  the  waveguide,  the  refractive  index 
and/or  the  gain  of  the  laser  medium.  In  this  arrangement  the  optical 
feedback  is  distributed  along  the  entire  laser  structure.  Therefore,  it 
is  called  distributed  feedback  (DFB)  for  axially  periodic  and  helical 
feedback  (HFB)  for  helical  laser  structures.  The  relevant  feature  of 
DFB  and  HFB  is  the  high  spectral  selectivity  inherent  in  the  Bragg 
effect  which  permits  easy  selection  among  the  fundamental 
longitudinal  laser  modes  even  for  laser-active  media  with  broad¬ 
band  gain. 

Distributed  feedback  (DFB)  was  accomplished  first  in  a  dye 
laser  [13],  later  in  a  semiconductor  laser  [14]  and  in  a  gas  laser 
[15-17].  The  DFB  gas  laser  is  an  optically  pumped  far-infrared 
496  nm  CH3F  laser  [18-20]  with  a  periodic  waveguide  acting  as 
optical  feedback  system. 
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The  majority  of  calculations  on  DFB  lasers  are  based  on 
perturbation  theory.  It  can  be  applied  to  lasers  with  weak  axially 
periodic  modulations  of  waveguide  cross-section,  refractive  index 
or/and  gain  of  the  laser  medium.  The  coupled-wave  theory  [21-23] 
is  relevant  for  the  far-infrared  DFB  gas  lasers.  Therefore,  these 
have  been  applied  to  test  this  theory  [16,17,24-28],  On  the  other 
hand,  they  are  not  suited  for  a  study  of  DFB  with  strong  axially 
periodic  modulations  (28-29). 


DFB  iasers  with  low  gain  and  pure  index  modulation,  e.g.  DFB 
far-infrared  gas  lasers  exhibit  frequency  gaps  without  modes.  They 
correspond  to  the  energy  gaps  of  solids.  It  is  possible,  however,  to 
generate  modes  within  these  frequency  gaps  by,  e.g.  phase 
matching  with  the  aid  of  a  spatial  gap  in  the  continuous  periodic 
laser  structure.  Also  this  phenomenon  can  be  demonstrated 
theoretically  by  coupled-wave  theory  [22,23,27]  and 
experimentally  with  far-infrared  gas  lasers  [27],  The  in-gap  modes 
are  of  special  interest  in  the  design  of  semiconductor  DFB  lasers. 

The  concept  of  helical  feedback  (HFB)  which  is  based  on  group 
theory  [25,30]  was  first  verified  on  an  optically  pumped  far- 
infrared  gas  laser  equipped  with  a  helical  waveguide  for  optical 
feedback  [25,30,3 1],  In  the  meanwhile  it  was  noticed  that  HFB  is 
also  present  in  dye  lasers  with  cholesteric  liquid  crystals  serving  as 
optical  feedback  [22,23,28,32], 

Recently,  it  was  discovered  that  the  power  distributions  of  the 
modes  near  the  frequency  gaps  of  far-infrared  DFB  gas  lasers 
manifest  nonlinear  gain  saturation  [33-35],  This  effect  is  illustrated 
in  Fig.  1  which  shows  the  output  power  of  consecutive 
longitudinal  (TM22/TM_22)-modes  q  of  an  optically  pumped  496 
pm  CH3F-DFB  laser  with  a  periodic  hollow  metal  waveguide  with 
period  L  =  248.0  pm,  corrugation  depth  aj  =  89.1  pm  and  inner 
radius  a  =  2370  pm.  The  frequency  tuning  is  performed  by 
thermal  expansion.  Therefore,  the  waveguide  temperature  T 
represents  the  tuning  parameter.  The  modes  q  =  -1,-2, -3...  are 
adjacent  to  the  stopband  characteristic  for  DFB  laser  with  periodic 
refractive  index  or  waveguide-cross-section  modulation. 
According  to  linear  DFB  theory  [21-23,28]  the  output  power  is 
expected  to  increase  with  decreasing  modulus  |(}(  of  the  mode 
number  q  .  Consequently,  the  mode  q  =  -1  adjacent  to  the 
stopband  should  exhibit  the  highest  output  power.  This  is 
contradicted  by  the  experimental  result  shown  in  Fig.  1,  where  the 
maximum  output  power  occurs  for  the  mode  q  = -7.  This  shift  is 
explained  bv  the  theory  of  nonlinear  gain  saturation  in  DFB  lasers 
[33-35],  ' 


Fig.  1 :  Experimental  demonstration  of  nonlinear  gain  saturation  in 
an  optically  pumped  496  pm  CH3F-DFB  laser  [33-35] 


Finally,  we  should  mention  the  first  observation  |36]  of  the 
dependence  cf  the  pulse  duration  on  the  DFB  mode  q  of  a  DFB 
laser  with  periodic  modulation  of  the  waveguide  cross  section  or 
the  refractive  index.  This  effect  was  demonstrated  with  an  optically 
pumped  496  pm  CH3F-DFB  laser  equipped  with  a  periodic  hollow 
metal  waveguide  characterized  by  L  =  252.0  pm,  aj  =  92.3  pm 
and  a  =  2369  pm.  The  relative  output  power  of  its  (TEi  1/TE.13)- 
modes  q  =  -1  to  -3  are  shown  in  Fig.  2,  whilst  the  DFB  pulse 
shapes  forq  =  -l  and  -2  are  plotted  in  Fig.  3  together  with  the 
pump  pulse  of  the  9.55  pm  CO2-TEA  laser.  The  pulse  durations  of 
these  DFB  modes  differ  considerably,  i.e.  50  ns  for  q  =  - 1  and 
90  ns  for  q  =  -2. 


Fig.  2:  (TEi  i/TE.t3)-modes  of  496  pm  CH3F-DFB  laser  with  a 
periodic  hollow  metal  waveguide.  For  parameters  see  text. 

Fig.  3  suggests  that  the  pulse  durations  and  the  threshold  gains  of 
DFB  modes  are  related.  Hitherto,  the  dependence  of  pulse  shapes 
and  durations  on  the  DFB  modes  has  been  known  only  for  DFB 
lasers  with  periodic  gain  modulation,  i.e.  DFB  dye  lasers  [e.g. 
37,38],  According  to  linear  DFB  theory  [21-23,28]  the  mode  q  = 
-1  has  the  lowest  threshold  gain  and  consequently  the  longer  pulse 
duration  than  the  mode  q  =  -2,  which  contradicts  the  experimental 
facts  illustrated  in  Fig.  3.  Reliable  theories  on  this  phenomenon  are 
still  missing,  yet  it  must  be  explained  by  threshold  gains  influenced 
by  DFB  nonlinearities. 
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Fig.  3:  Pulse  shapes  of  the  (TEu/TE.i3)-modes  q  = -1,-2  of  a 
496  (im  CH3F-DFB  laser  and  of  the  9.55  jam  CO2  pump 
pulse. 


CONCLUSION 

Actually,  the  optically  pumped  far-infrared  gas  lasers  developed 
in  the  seventies  prove  to  be  the  predestinated  tool  for  the  study  of 
two  basic  aspects  of  laser  physics,  i.e.  deterministic  chaos  and 
distributed  feedback.  Consequently,  these  lasers  permit  to  relate 
theories  with  rather  complicated  observed  phenomena. 


REFERENCES 

[  1]  T.H.  Maiman: 

Nature  187,  493  (1960) 

[  2]  H.  Haken: 

Phys.  Lett.  53A,  77  (1975) 

[  3]  E.N.  Lorenz: 

J.  Atmos.  Sci.  20,  130  (1963) 

[  4]  C.T.  Sparrow: 

The  Lorenz  Equations:  Bifurcations,  Chaos  and  Strange 
Attractors",  Springer,  Berlin  (1982) 

[  5]  R.G.  Harrison,  D.J.  Biswas: 

Progress  in  Quantum  Electronics  U),  147  (1985) 

[  6J  R.G.  Harrison,  D.J.  Biswas: 

Nature  321.  394  (1986) 

[  7]  D.J.  Biswas,  R.G.  Harrison,  C.O.  Weiss,  W.  Klische,  D. 
Dangoisse,  P.  Glorieux,  N.  Lawandy: 
in  "Instability  and  Chaos  in  Quantum  Optics",  ed.  R.G. 
Harrison,  F.T.  Arecchi,  Vol,  34.  109  (1987) 

[  8]  C.O.  Weiss: 

Proc.  4th  Int.  Conference  on  Infrared  Physics  (CIRP  4), 
Zurich,  August  1988,  208 

[9]  C.O.  Weiss,  W.  Klische: 

Opt.  Comm.  51,  47  (1984) 

[10]  C.O.  Weiss,  W.  Klische,  P.S.  Ering,  M.  Cooper: 

Opt.  Comm.  52,  405  (1985) 

[11]  C.O.  Weiss,  W.  Klische: 

Opt.  Comm.  5Q,  413  (1984) 

[12]  M.A.  Dupertuis,  R.R.E.  Salomaa,  M.R.  Sigrist: 

Opt.  Comm.  52,  410  (1986) 

[13]  H.  Kogelnik,  C.V.  Shank: 

Appl.  Phys.  Lett.  IS,  152  (1971) 

[14]  N.  Nakamura,  A.  Yariv,  H.W.  Yen: 

Appl.  Phys.  Lett.  22,  515  (1973) 

[15]  E.  Affolter,  F.K.  Kneubiihl: 

Phys.  Lett.  7M,  407  (1979) 

[16]  E.  Affolter,  F.K.  Kneubiihl: 

IEEE  J.  of  Quantum  Electron.,  OE-17.  1 1 15  (1981) 

[17]  F.K.  Kneubiihl,  E.  Affolter: 

in  ’’Infrared  and  Millimeter  Waves",  K.J.  Button,  ed., 
Academic  Press,  N.Y.,  Vol,  5.  Ch.  6.  305  (1982) 


314 


[18]  T.Y.  Chang,  T.J.  Bridges: 

Opt.  Comm.  1,  423  (1970) 

[19]  T. A.  De  Temple: 

in  "Infrared  and  Millimeter  Waves",  K.J.  Button,  ed. 
Academic  Press,  N.Y.,  Vol.  ]_,  Ch.  3,  129  (1979) 

[20]  T.A.  De  Temple  and  E.J.  Danielewicz: 

in  "Infrared  and  Millimeter  Waves",  K.J.  Button,  ed. 
Academic  Press,  N.Y.,  Vol.  7.  Ch.  1,  1  (1983) 

[21]  H.  Kogelnik,  C.V.  Shank: 

J.  Appl.  Phys.  43,  2327  (1972) 

[22]  F.K.  Kneubuhl: 

Revue  Roumaine  de  Physique  33,  691  (1988) 

[23]  F.K.  Kneubuhl,  Cui  Dafu:  (in  Chinese) 

Chinese  J.  of  Infrared  Research  7A,  241  (1988) 

[24]  X.  Zheng,  S.  Gnepf,  H.P.  Preiswerk,  D.  Wildmann,  F.K. 
Kneubuhl:  (in  Chinese) 

Chinese  J.  of  Infrared  Research  2,  81  (1984) 

[25]  H.P.  Preiswerk,  M.  Lubanski,  F.K.  Kneubuhl: 

Appl.  Phys.  B22,  115  (1984) 

[26]  F.K.  Kneubuhl: 

Optica  Acta,  special  issue  in  commemoration  of  the  25th 
anniversary  of  the  first  laser,  22,  1055  (1985) 

[27]  D.  Wildmann,  S.  Gnepf,  F.K.  Kneubuhl: 

Appl.  Phys.,  B42,  129  (1987) 

[28]  F.K.  Kneubuhl,  M.W.  Sigrist: 

"Laser"  (in  German),  Teubner,  Stuttgart,  1st  ed.  (1988), 
2nd  ed.  (1989) 

[29]  S.  Gnepf,  F.K.  Kneubuhl: 

in  "Infrared  and  Millimeter  Waves",  K.J.  Button,  ed.. 
Academic  Press,  N.Y.,  Vol,  16.  Ch.  2,  35  (1986) 

[30]  H.P.  FYeiswerk,  M.  Lubanski,  S.  Gnepf,  F.K.  Kneubuhl: 
IEEE  J.  of  Quantum  Electron.,  OE-19.  1452  (1983) 

[31]  H.P.  Preiswerk,  G.  Kiittel,  F.K.  Kneubuhl: 

Physics  Lett.  22A.  15  (1982) 

[32]  F.K.  Kneubuhl: 

Infrared  Physics,  23,  115  (1983) 

[33]  J.  Arnesson,  Cui  Dafu,  S.  Gnepf  and  F.K.  Kneubuhl: 
Proc.  4th  Int.  Conf.  on  Infrared  Physics  (CIRP  4),  Zurich, 
August  1988,  358 

[34]  J.  Arnesson,  Cui  Dafu,  S.  Gnepf  and  F.K.  Kneubuhl: 

Opt.  Comm.  (1989) 

[35]  J.  Arnesson,  Cui  Dafu,  S.  Gnepf  and  F.K.  Kneubuhl: 
Appl.  Phys.  (1989) 

[36]  D.  Scherrer: 

Report  Infrared  Physics  Laboratory  ETH  (1988) 

[37]  Z.  Bor: 

IEEE  J.  Quantum  Electron.,  OE-16.  517  (1980) 

[38]  G.  Szabo,  Z.  Bor: 

Appl.  Phys.  B21,  1  (1983) 


315 


SEALED  ALL-METAL  C02  LASER  TUBE  TECHNOLOGY 
Stanley  Byron  and  Peter  Laakmann 
Synrad,  Inc. 

11816  North  Creek  Pkwy  N.,  Suite  103,  Bothell,  WA  98011 
ABSTRACT 


A  newly  developed  RF  plasma  configuration  for  C02  lasers  is  described  that  offers  high  performance  at  low 
cost  using  an  all-metal,  sealed-off  laser  tube  design.  The  plasma  bore  of  5mm  square  cross-section  supports 
a  free-space  TEMqq  optical  mode  and  a  laser  power  density  1/3  that  of  C02  waveguide  lasers,  allowing 
fabrication  of  compact  sealed-off  C02  lasers  from  10  to  100  watts  with  good  optical  and  mechanical  integrity. 
Design  and  manufacturing  factors  are  discussed  that  affect  gas  life,  beam  quality,  modulation,  optical 
stability,  and  cost. 


INTRODUCTION 

The  work  reported  here  was  started  in  1984  and  was  aimed  at  developing  a  new  approach  in  sealed-off  RF 
excited  C02  laser  technology  that  would  provide  much  lower  cost  devices,  expanding  established  markets  and 
opening  new  market  applications.  The  initial  goals  were  met  in  1988,  with  over  150  lasers  delivered  during 
the  first  year  of  manufacturing  at  Synrad,  Inc. 

To  achieve  low  cost  as  well  as  high  performance,  the  problems  of  previously  developed  RF-excited  C02 
waveguide  lasers  had  to  be  solved.  The  earlier  lasersl  used  metal  ceramic  "composite"  construction 
techniques  that  required  tight  tolerances,  extensive  machining,  and  lengthy  processing  time  to  remove  laser 
gas  contaminants.  The  small  bore  (2  to  3im)  of  the  waveguide  has  the  advantage  of  high  optical  gain  and 
high  power  from  short  devices,  but  it  has  the  disadvantage  of  high  optical  power  density  on  the  laser  mirrors, 
approaching  the  damage  threshold  limit  of  commercially  available  optics.  The  waveguide  approach  also  suffers 
from  intracavity  losses  at  the  walls,  and  high  sensitivity  to  mirror  orientation  which  causes  mode 
instability  problems. 

These  difficulties  are  resolved  by  the  approach  described  here,  which  retains  the  advantages  of  RF 
excitation  (low  voltage,  electronically  controllable,  stable  discharge),  but  eliminates  the  waveguide  and  its 
problems  by  opening  the  bore  to  5mm  and  using  a  TEWqq  mode  optical  cavity  configuration.  A  unique  feature  of 

RF  discharges  was  discovered  that  allows  all  of  the  walls  of  the  bore  to  be  metal,  which  can  be  extruded  in 

the  proper  shape  at  very  low  cost.  This  laser  tube  construction  technique  is  the  basis  for  a  Synrad  patent2. 

The  assembled  laser  tube  can  be  processed  much  more  rapidly  than  C02  waveguide  tubes,  by  using  higher 

temperatures  and  because  there  are  no  tightly  fitting  surfaces  that  require  a  long  time  for  outgassing. 

Another  key  factor  in  cost  reduction  and  product  reliability  is  the  use  of  the  laser  tube  as  the  resonator 
in  a  self-o.cillating  RF  circuit,  the  subject  of  a  second  Synrad  patent3.  Previous  RF  excited  C02  lasers 
have  used  an  external  RF  oscillator  and  amplifier  chain  coupled  to  the  laser  by  an  impedance  matching  coaxial 
cable.  Synrad  has  developed  a  much  simpler  and  lower  cost  approach  that  uses  a  single  transister  power 
oscillator  driven  by  feedback  from  an  LC  resonator  built  into  the  electrode  structure  of  the  laser  tube. 

These  factors  as  well  as  careful  attention  to  thermal  and  mechanical  design  of  the  single  integrated 
chassis  have  resulted  in  very  low  cost,  high  performance,  sealed-off  C02  lasers  in  the  power  range  from  10  to 
25  watts. 


LASER  DESCRIPTION 

Each  of  the  two  lasers,  shown  in  Fig.  1,  is  a  completely  integrated  unit,  requiring  only  input  power  and 
cooling,  as  determined  by  the  application  and  mode  of  operation.  Two  input  power  options  are  available, 
either  28  volts  dc  or  110  volts  ac.  The  chassis  is  provided  with  air  cooling  fins  for  fan  cooled  operation 
up  to  50%  duty  cycle,  and  with  four  grooves  where  water  cooling  tubes  can  be  inserted  for  high  duty  cycle 
or  full  power  operation.  The  chassis  of  each  laser  is  only  3  inches  wide  by  4  inches  high.  The  length  of 
the  10  watt  laser  is  17  inches  and  that  of  the  25  watt  laser  is  32  inches. 

'The  all  aluminum  chassis  is  carefully  integrated  to  contain  the  laser  tube,  the  power  supply,  and  all  of 
the  electronic  circuits,  as  shown  in  Fig.  2.  The  laser  tube  is  a  2  inch  square  aluminum  extrusion  with  the 
ends  welded  in  place.  A  gas  fill  valve  and  RF  electrical  feedthrough  post  is  located  on  one  side  of  the 
laser  tube.  The  laser  mirrors  are  held  against  o-rings  on  each  end  by  simple  mounts  that  are  adjusted  and 
locked  into  place  at  the  factory.  The  laser  tube  fits  closely  into  the  chassis  to  assure  good  thermal 
contact.  Heat  from  both  the  laser  tube  and  the  electronic  circuits  is  carried  by  the  aluminum  chassis  to 
the  side  walls  where  it  is  removed  by  forced  air  or  water  cooling.  The  basic  operating  parameters  for  the 
lasers  are  listed  in  Table  1. 

Laser  Tube  Structure 


A  cross-section  of  the  internal  structure  of  the  aluminum  laser  tube  is  shown  in  Fig.  3.  The  four 
extruded  aluminum  parts  slide  in  through  the  ends  of  the  tube  and  lock  into  place.  After  internal  assembly 
is  completed  the  aluminum  ends  are  welded  on  to  the  tube,  making  a  leak  free  structure  that  can  be  vacuum 
baked  at  high  temperature  for  rapid  removal  of  impurities. 

The  two  extruded  aluminum  side  pieces  (ground  spacers)  serve  three  functions.  They  restrict  the  RF 
discharge  at  the  sides  of  the  central  5nm  square  plasma  region,  they  conduct  heat  from  the  laser  gas  to  the 
outer  perimeter  of  the  laser  tube,  and  they  provide  the  support  structure  for  the  two  RF  electrodes.  The  RF 
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discharge  electrodes  at  the  top  and  bottom  of  the  laser  tube  are  also  extruded  aluminum  and  are  anodized 
everywhere  except  where  electrical  contact  surfaces  are  required.  The  anodized  layer  helps  to  maintain 
discharge  uniformity.  The  electrodes  are  locked  firmly  against  the  ground  spacers  with  1/8"  diameter  ceramic 
ball  insulators  sandwiched  between  the  parts. 

The  upper  electrode  is  connected  to  the  external  RF  circuit  through  the  feedthrough  post.  A  0.5mm  gap 
between  the  electrode  and  the  tube  wall  forms  a  capacitance  to  ground  that  becomes  a  component  in  the  RF 
oscillator  circuit.  The  upper  electrode  is  connected  to  the  lower  electrode  (and  its  capacitance)  through 
an  inductor.  The  RF  drive  on  the  lower  electrode  is  shifted  in  phase  by  180  degrees  from  the  upper  electrode, 
making  the  peak  voltage  between  the  2  electrodes  twice  that  between  one  electrode  and  the  grounded  laser 
tube.  RF  breakdown  in  the  gas  occurs  only  in  the  central  5mm  square  bore  of  the  laser  tube.  Plasma  current 
flows  between  the  2  RF  electrodes,  not  to  the  ground  electrodes. 

RF  Breakdown 


As  noted  above,  the  laser  tube  is  constructed  almost  entirely  of  metal  parts,  yet  the  RF  plasma  forms 
only  in  the  central  bore  of  the  tube.  This  all-metal  construction  method  is  based  on  the  unique  electrical 
breakdown  characteristics  of  low  pressure  RF  discharges.  MacDonald^  has  shown  that  experimental  data  for  RF 
breakdown  voltage  can  be  correlated  oy  plotting  EA  versus  pA,  where  A  is  a  characteristic  scale  length 
for  electron  diffusion  losses.  This  correlation  is  applicable  for  RF  frequencies  that  are  high  enough  that 
the  electron  drift  distance  in  a  half  period  is  much  less  than  the  electron  diffusion  loss  distance.  Under 
these  conditions  there  is  no  requirement  for  secondary  electron  emission  from  the  electrodes,  and  the  RF 
breakdown  . ^itage  can  be  considerably  lower  than  the  DC  breakdown  voltage.  At  reduced  pressure  and  high 
frequencies  the  electron  drift  distance  may  become  less  than  the  electron-molecule  mean  free  path.  At 
pressures  below  this  value  the  RF  breakdown  voltage  rises,  exhibiting  a  minimum  in  the  curve  of  breakdown 
voltage  versus  pressure.  The  location  of  this  minimum  depends  on  the  RF  frequency.  For  pressures  above 
tms  minimum,  and  for  RF  frequencies  well  above  the  electron  momentum  transfer  collision  frequency,  the  RF 
breakdown  voltage  does  not  depend  on  frequency,  and  is  simply  a  characteristic  of  the  gas. 

For  the  nigh  pressure  (frequency  independent)  part  of  the  breakdown  curve,  the  voltage  is  determined  by 
requiring  that  the  net  ionization  rate  coefficient,  V.,  in  the  gas  equals  the  loss  rate  coefficient  by 
diffusion, 

V.  =  D//V2  (1) 

where  D  is  the  free  electron  diffusion  coefficient,  given  by 

D  =  (2) 

Here  v  is  the  electron  speed  (v2  =  3kTe  /m)  and  is  the  electron  momentum  transfer  collision  frequency. 
These  parameters  can  be  calculated  as  a  function  of  E/N  by  solving  the  Boltzmann  equation  for  the  electron 
distribution  function.  The  characteristic  length  for  electron  diffusion  loss  is  d/rr  for  a  circular  tube  of 
diameter  d,  and  only  slightly  larger  for  a  square  tube  with  wall  separation  equal  to  d.  The  voltage  is  then 
E/N  times  pd,  the  product  of  the  pressure  (density)  times  the  electrode  gap  spacing. 

We  carried  out  this  calculation  for  the  C02  gas  mixture  used  in  Synrad  lasers  and  the  result  is  shown  as 
the  lower  right  hand  part  of  the  curve  in  Fig.  4.  The  minimum  occurs  at  the  RF  oscillation  amplitude  limit, 
which  is  the  point  where  the  characteristic  loss  distance  equals  the  electron  drift  distance, 

vo/lokf  ~  efA  (3) 

where  vD  is  the  electron  drift  velocity  and  l/JKF  is  2  IT  times  the  RF  frequency.  For  the  lower  pressures  or 
dimensions,  the  voltage  must  be  higher  in  order  to  provide  secondary  electron  emission  at  the  cathode  to 
make  up  for  electron  losses  at  the  anode.  As  pressure  is  reduced  further,  the  breakdown  voltage  curve 
increases  to  merge  with  the  DC  voltage  curve. 

The  DC  breakdown  part  of  the  curve  was  calculated  by  using  the  empirical  curve  fit  expressions  given  by 
Cobine^  for  the  minimum  sparking  potential,  VsrVl.  and  the  value  of  pd  where  it  occurs. 

I/Sm  =  2.718  (B/0  In  (1/tf)  (4) 

yd mfn  =  (2.718/A)  In  (1/TS)  (5) 

The  parameters  A,  B,  and  t  were  estimated  for  the  C02  laser  gas  to  have  values  of  8,  180,  and  0.07, 
respectively. 

Also  shown  in  Fig.  4  are  the  voltage,  pressure  and  gap  spacing  parameters  for  the  Synrad  laser  tube 
electrodes  relative  to  each  other  and  relative  to  ground.  The  voltage  of  the  electrodes  relative  to  each 
other  is  twice  that  relative  to  ground  because  the  inductance  coupling  between  the  two  electrodes  makes 
them  180  degrees  out  of  phase.  This  breakdown  curve  shows  how  the  use  of  small  gap  spacing  and  lower 
voltage  between  the  individual  RF  electrodes  and  ground  prevents  breakdown  there,  while  breakdown  occurs 
readily  between  the  two  RF  electrodes  with  their  larger  gap  spacing  and  higher  voltage. 

RF  Circuit 


The  RF  self-oscillating  circuit  is  shown  in  Fig.  5.  A  single  power  transistor  amplifier  with  a  gain  of 
about  10  is  used  as  the  active  element  in  the  oscillator.  The  RF  frequency  is  set  by  the  resonance  of  the 
inductance  and  capacitance  of  the  electrode  structure  inside  the  laser  tube.  With  this  approach  the 
oscillator  automatically  adjusts  for  the  small  shift  in  frequency  between  the  initial  laser  gas  breakdown 
conditions  and  the  steady  plasma  excitation  conditions. 

About  10  percent  feedback  from  the  laser  tube  to  the  input  to  the  transistor  is  provided  by  a  50  ohm,  1/4 
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wavelength  impedance  matching  cable.  The  output  of  the  transistor  is  matched  to  the  input  impedance  of  the 
laser  tube  by  a  tunable  impedance  matching  network.  Approximate  values  for  the  circuit  parameters  are  given 
in  Fig.  5. 

Heat  Removal 


The  laser  gas  is  surrounded  by  the  aluminum  electrodes  and  ground  spacers,  which  conduct  heat  rapidly 
to  the  perimeter  of  the  laser  tube.  The  heat  transfer  is  symmetrical,  maintaining  the  dimensional  integrity 
of  the  laser  tube,  which  is  necessary  to  retain  the  optical  alignment  of  the  mirrors  on  the  ends  of  the 
laser  tube.  The  power  transferred  out  each  electrode  is  about  0.8  watts  per  cm  of  length,  producing  a 
temperature  drop  of  only  about  2  degrees  C  (see  Fig.  6).  The  heat  is  then  transferred  to  the  aluminum  tube 
walls  across  the  laser  gas  gap  of  0.5rrm,  requiring  a  temperature  drop  of  about  20  degrees  C  for  the  ~  Pr 
■_ -ectruaes .  tr«.  ground  spacers  nave  a  smallc*.  gap  ;0.2i.m)  and  a  correspondingly  smaller  temperature  drop. 

The  laser  tube  fits  closely  into  the  chassis  with  air  gaps  of  about  0.1mm,  which  introduce  an  additional 
drop  of  about  4  degrees  C.  Thus  the  internal  walls  adjacent  to  the  laser  gas  have  a  surface  temperature  of 
10  to  25  degrees  C  above  the  chassis  temperature.  This  value  is  roughly  the  same  as  the  inside  wall 
temperature  of  a  cooled  glass  tube  of  the  same  diameter.  Since  the  internal  laser  gas  temperature  at  the 
center  of  the  tube  is  200  to  300  degrees  C,  this  wall  temperature  rise  has  a  relatively  small  effect  on 
output  power. 

optical  Resonator 

The  laser  cavity  for  both  lasers  uses  a  3  meter  radius  of  curvature  silicon  total  reflector  and  a  flat 
zinc  selenide  output  coupler.  The  optical  parameters  for  the  cavity  resonator  of  the  laser  tubes  are  listed 
in  Table  2.  These  parameters  were  found  to  provide  a  good  combination  of  high  power  extraction  efficiency 
and  good  mode  quality  and  stability.  The  internal  losses  in  the  cavity  are  quite  low,  allowing  high 
reflectivity  output  couplers  to  be  used.  The  resulting  high  cavity  intensity  saturates  the  laser  gas  very 
well,  yielding  high  optical  extraction  efficiency.  High  cavity  intensity  also  was  found  to  help  in  the 
suppression  of  higher  order  transverse  modes  and  parasitics  due  to  spurious  wall  reflections. 

The  calculated  Gaussian  free  space  l/e2  mode  diameter  at  the  two  ends  of  each  cavity  is  seen  to  be 
comparable  with  the  bore  size.  The  bore  then  serves  to  discriminate  against  higher  order  transverse  modes. 
Since  the  Fresnel  number  of  the  10  watt  laser  tube  is  somewhat  larger  than  1,  additional  discrimination 
against  the  TEMq^  mode  is  provided  by  a  small  tilt  of  the  optical  axis  in  the  vertical  plane  containing  the 
two  RF  electrodes. 

The  optical  cavity  mode  spacing  of  the  zero  order  transverse  modes  is  seen  to  be  comparable  with  the 
pressure  broadened  width  of  the  CC>2  spectral  lines  (Table  2).  When  the  laser  tube  temperature  changes,  the 
mirror  spacing  changes  and  the  cavity  modes  shift  across  the  optical  gain  profiles  of  the  lasing  lines.  The 
laser  output  then  shifts  in  a  regular  pattern  from  one  line  to  another  as  one  of  the  cavity  modes  moves 
through  the  central  high  gain  part  of  each  line.  During  the  transition  from  one  line  to  another,  two  lines 
may  operate  simultaneously.  The  10  watt  laser  with  its  larger  mode  spacing  scans  through  6  or  7  lines  in  the 
P  branch  of  the  10.4um  band,  whereas  the  25  watt  laser  scans  through  only  3  cr  4  lines.  The  laser  tube 
moves  through  this  thermal  cycle  with  a  change  in  temperature  of  0.5  degrees  C  for  the  10  watt  laser  and  0.25 
degrees  C  for  the  25  watt  laser.  After  a  10  to  20  minute  warm  up  period  the  thermal  drift  is  slow  enough 
to  maintain  output  on  one  spectral  line  for  several  minutes. 

The  output  power  also  fluctuates  somewhat  due  to  thermal  drift.  The  short  term  (10  minute)  power 
stability  of  the  10  watt  laser  is  typically  +5  percent,  whereas  it  has  been  seen  to  be  less  than  +2  percent 
for  the  25  watt  laser. 


LASER  PERFORMANCE 


Laser  Power  and  Efficiency 

Since  the  RF  input  power  to  the  laser  tubes  can  be  turned  on  and  off  rapidly,  it  is  convenient  to  vary 
the  laser  output  power  by  varying  the  duty  cycle  of  a  high  frequency  control  signal  applied  to  the  RF  power 
source.  Fig.  7  shows  the  dependence  of  output  power  and  laser  tube  efficiency  on  duty  cycle  using  5  Khz 
modulation.  There  is  a  minimum  input  power  required  to  achieve  stable  output,  which  limits  the  low  end  of 
the  power  curves  to  0.5  to  2  watts.  As  the  duty  cycle  increases,  the  laser  tube  efficiency  rises  sharply  to 
a  level  of  15  to  20  percent.  At  50  percent  duty  cycle  the  output  power  is  about  70  percent  of  the  CW  output 
power.  Maximum  output  occurs  at  about  90  percent  duty  cycle.  This  enhancement  in  efficiency  and  output 
power  caused  by  modulation  of  the  input  power  is  thought  to  arise  from  the  motion  of  the  laser  gas  through 
the  electrode  gaps  and  within  the  discharge  region,  increasing  the  cooling  rate  and  reducing  the  average 
temperature  of  the  gas. 

Modulation  Characteristics 


The  laser  output  response  to  modulated  input  power  is  shown  in  Fig.  8  for  a  10  watt  tube.  Under  normal 
operating  conditions  the  C02  in  the  laser  gas  is  about  50  percent  dissociated.  The  time  constant  for  the 
rise  and  fall  of  the  laser  output  is  then  about  100  >isec.  For  2  Khz  modulation  at  50%  duty  cycle  the  laser 
output  falls  to  zero  on  each  cycle,  producing  100%  modulation  of  the  output  power.  At  5  Khz  the  laser  power 
is  only  70%  modulated. 

By  adding  a  small  amount  of  water  vapor  to  the  gas,  the  steady  state  di ssociatJon  ox  C02  is  reduced, 
shortening  the  time  constant  to  about  40  psec  and  producing  100%  modulation  at  5  Khz.  However,  the  added 
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water  vapor  also  reduces  laser  efficiency. 

The  laser  tube  also  can  be  superpulsed  by  increasing  the  RF  input  power.  For  example,  a  factor  of  2.5 
increase  in  input  and  output  power  using  1  Khz  modulation  at  25  percent  duty  cycle  is  shown  in  Fig.  8. 

Laser  Gas  Fill  Operating  Lifetime 

The  lifetime  of  sealed  off  laser  tubes  is  limited  by  various  factors  such  as  the  buildup  of  impurities  in 
the  gas,  depletion  of  the  CO2  content  during  operation,  and  optical  mirror  degradation  or  damage.  The 
Synrad  lasers  are  vacuum  baked  at  high  temperature  which  effectively  removes  the  internal  sources  of  gas 
contamination.  However,  water  vapor  from  the  atmosphere  diffuses  slowly  inward  through  the  o-ring  seals  at 
the  RF  feedthrough  and  the  optical  mirrors.  To  achieve  long  life  the  water  vapor  is  adsorbed  by  zeolite 
pellets  placed  inside  the  tube.  The  resulting  shelf  life  of  the  laser  tube  is  measured  in  years,  and 
testing  is  still  underway  to  obtain  quantitative  results. 

The  integrity  of  the  optical  mirrors  has  been  maintained  satisfactorily  on  all  lasers  placed  in  service 
as  far  as  we  know.  This  is  due  in  part  to  the  high  quality  optical  components  supplied  to  us  and  in  part  to 
the  moderate  optical  intensity  in  the  laser  cavity. 

The  principal  limitation  in  operating  lifetime  observed  for  these  lasers  as  well  as  earlier  C02  waveguide 
lasers  is  a  gradual  reduction  in  the  amount  of  002  present  in  the  gas.  The  discharge  dissociates  CO2  to  form 
CO  and  O2  as  well  as  small  amounts  of  0  and  O3.  The  oxidizing  nature  of  these  gas  constituents  leads  to  a 
gradual  loss  of  oxygen  to  various  metal  surfaces  in  the  laser.  This  effect  is  seen  in  Fig.  9  where  the 
output  power  of  2  lasers  is  traced  over  a  period  of  steady  operation  for  1000  hours.  At  the  end  of  this 
period  the  addition  of  a  small  amount  of  O2  restores  the  laser  to  its  original  output  power  and  its  original 
modulation  waveform. 

The  oxygen  depletion  time  constant  can  be  increased  considerably  by  processing  the  laser  tube  with  a  high 
oxygen  content  discharge  for  a  longer  period  of  time.  The  lifetime  also  can  be  increased  by  further  study  to 
determine  which  materials  in  the  laser  tube  become  oxidized  and  changing  to  more  inert  materials.  Using  some 
of  these  methods  we  have  one  laser  on  test  that  has  reached  1800  hours  lifetime  with  only  15%  drop  in  power. 
It  appears  likely  that  low  cost,  sealed-off  CO2  lasers  with  5,000  to  10,000  hour  operating  lifetime  soon  will 
be  available  commercially. 
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Table  1  C0-,  LASER  OPERATING  PARAMETERS 

OUTPUT  POWER  10W  25W 


Power  Source 

Input  Power 

Overall  Efficiency 

RF  Drive  Voltage 

RF  Frequency 

Modulation  Range 

Gas  Mixture 

Gas  Pressure 

Gas  Fill  Operating  Life 


28  VDC  or  110  VAC 
300  W  (AC)  600  W  (AC) 

3  to  6%  4  to  8% 

less  than  150  V 
45  MHz 
up  to  5  kHz 

6  Xe,  8  C02,  8N2,  36  He 
58  torr 
1000  hrs 


Wavelength  10.55  to  10.67  um  10.57  to  10.63  urn 

Mode  TEHqo 

Polarization  Linear 


Table  2  OPTICAL  RESONATOR  PARAMETERS 


LASER  POWER 

10  WATTS 

25  WATTS 

Bore  Size,  rrm  4 

.8  square 

4.8  square 

Discharge  Length,  cm 

37 

74 

Mirror  Spacing ,  cm 

40 

78 

Output  Coupler  Refl., 

%  95 

92 

Fresnel  Number 

1.4 

0.7 

TET4„  Mode  Dia. ,  mm 

4.2  and  3.7 

4.9  and  4.2 

Cavity  Intensity,  I/Isat  6 

10 

Mode  Spacing,  MHz 

375 

190 

Line  Width,  MHz 

260 

260 

Spectral  Lines 

P(  16 )  to  P( 28 ) 

P ( 18 )  to 
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Figure  1.  Photograph  of  10  Watt  and  25  Watt  C02 
Lasers . 


Figure  3.  Cross-Section  of  the  Internal  Structure 
of  the  All  Metal  C02  Laser  Tubes. 


Figure  2.  Photograph  of  10  Watt  CO?  Laser  with 

Cover  Plates  Removed.  Also  Shown  is  a 
Laser  Tube  Removed  from  its  Chassis. 


pd,  torr-cm 

Figure  4.  RF  Electrical  Breakdown  Curve  for  the 

Operating  Conditions  of  the  C02  Laser  Tube 


1/4  WAVE  SO  II  LASER  TUBE 


Figure  5.  ?p  Ecif-Osciiiatir.g  Electrical  Circuit  used  Figure  6.  Heat  Removal  Paths  and  Temperature  Drops 
to  Excite  the  CO„  Laser  Tubes.  in  the  at  Laser  Tubes. 
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Noise  Levels  in  a  Tunable  CO2  Laser  Source 


A.  L.  Kachelmyer  and  R.  S.  Eng 
Massachusetts  Institute  of  Technology 
Lincoln  Laboratory 
244  Wood  Street 
Lexington,  Massachusetts  02173 


ABSTRACT 


This  paper  considers  the  measurement  of  amplitude  modulation  (AM)  and  phase  modulation  (PM) 
noise  in  a  tunable  CO2  laser  source.  Theoretical  and  experimental  heterodyned  output  spectrums 
compare  the  tunable  source  to  a  ’clean’  reference  laser. 


1.  Introduction 

A  broadband  tunable  CO2  local  oscillator  (LO)  laser  has  application  for  target  velocity  tracking  with 
a  heterodyne  detection  system  such  as  a  wideband  imaging  laser  radar.  By  frequency  shifting  the  LO  in 
proportion  to  the  target  induced  Doppler  shift,  the  heterodyned  detector  passband  of  interest  can  be  kept 
relatively  narrow.  The  tunable  LO  is  created  by  the  modulation  of  a  stable  CO2  laser  with  a  tunable  RF 
source.  However,  because  the  modulation  process  usually  requires  a  high  power  RF  drive  signal,  the  noise 
quality  of  the  tunable  LO  may  be  substantially  worst  than  that  of  the  stable  CO2  laser. 

For  a  wideband  imaging  laser  radar  system,  the  detector  passband  can  be  kept  at  a  minimum,  approxi¬ 
mately  equal  to  the  desired  imaging  signal  bandwidth,  provided  that  the  tunable  LO  tracks  out  the  target 
Doppler  shift.  For  satellite  and  ballistic  missile  targets  the  Doppler  shift  can  be  as  large  as  ±1.3  GHz  for  a 
10.6 /tm  wavelength.  The  spectral  purity  of  such  a  Doppler  tracking  tunable  LO  must  necessarily  be  such 
that  the  degradation  of  the  heterodyned  signed  spectrum  is  minimal. 

An  analytical  model  is  presented  which  relates  AM  and  PM  noise  in  the  local  oscillator  signal  to  a 
resultant  heterodyne  signal  plus  noise  model.  Heterodyned  detected  output  power  spectrums  are  described 
both  analytically  and  pictorially.  Theoretical  output  power  spectrums  are  shown  for  both  the  AM  and  PM 
noise  cases  assuming  a  monochromatic  laser  input  signal.  The  direct  detected  output  power  spectrum  of 
the  tunable  LO  is  also  described  analytically. 

Measured  output  power  spectrums  are  presented  for  the  heterodyne  detection  of  a  very  stable  rare 
isotope  CO2  reference  laser  (return  signal)  with  a  tunable  CO2  local  oscillator  source.  The  tunable  LO 
source  is  created  by  modulating  a  regular  isotope  CO2  laser  with  an  acousto-optic  (AO)  modulator  which 
is  driven  by  a  tunable  RF  source.  Effective  AM  and  PM  noise  power  levels  are  determined  from  the 
measurement  data  using  a  direct  spectral  comparison  technique. 

The  experimental  results  confirmed  the  general  functional  dependence  predicted  for  AM  and  FM  noises. 
An  unexpected  AM  suppression  by  the  acousto-optic  modulator  will  be  shown.  In  comparison  with  a  ’clean’ 
fixed  frequency  CO2  laser,  the  acousto-optic  modulated  CO2  laser  showed  a  slightly  higher  noise  level. 

This  work  wu  sponsored  by  the  Department  of  the  Navy  for  SDIO.  ”The  views  expressed  are  those  of  the  authors  and 
do  not  reflect  the  official  policy  or  position  of  the  U.S.  Government.” 
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Let  the  input  signal  field  and  the  ideal  reference  local  oscillator  field  complex  envelopes  be  described  in 
the  plane  of  the  circular  receiver  aperture  of  diameter  d  as 

e«(/M)  =  for  ^  d/2>  (!) 

and 

eLo(p,t)  =  for  \p\  <  d/2,  (2) 

where  s(t)  and  n(t)  are  the  signal  (including  background  noise)  and  local  oscillator  noise  complex  envelopes, 
respectively.  The  position  in  the  receiver  aperture  plane  is  given  by  the  vector  p  —  x  ix  +  y  t„  where  t*  and 
iy  are  the  x  and  y  unit  coordinate  vectors.  Of  course,  Pio  and  P,  are  the  local  oscillator  and  return  signal 
powers,  respectively.  The  radian  difference  frequency  between  the  return  find  the  local  oscillator  signals  is 
represented  by  w/p. 

The  receiver  input  signal  complex  envelope  is  composed  of  the  desired  return  signal  and  a  background 
noise  signal  as  follows: 

s(t)  =  yPTr(t)  +  ypbb(t) ,  (3) 

where  r(t )  and  b(t)  are  the  normalized  (unity)  complex  envelopes  of  the  return  and  the  background  noise 
signals,  respectively.  The  signal  power  is 

P.  =  Pr  +  Pb  (4) 

where  PT  and  Pb  are  the  return  signal  and  background  noise  powers,  respectively. 

Let  us  define  the  local  oscillator  complex  noise  envelopes  for  the  cases  of  PM  or  FM  noise  modulation 


n(t)  =  , 


and  for  AM  noise  modulation  as 


n(t)  =  1  +  a(t)  ,  (6) 

where  $(t)  represents  the  complex  phase  noise  process  and  where  a(t )  represents  the  complex  amplitude 
noise  process. 


The  count  intensity  function  for  the  total  field  incident  upon  the  detector  is 


N{t)  =  a  fAr  | e,(p,  t)  +  eLO{p ,  t)\*dp 

=  a{PLO\n(t)\2  +  P,|s(t)|2  +  2y/PE^PiRe{s(t)n‘(t)e-^t}} 


323 


The  constant  a  is  defined  as 


q  = 


hv  ’ 


where  v  is  the  optical  carrier  frequency  of  the  return  signal,  J]  is  the  detector  quantum  efficiency,  and  h  is 
Planck’s  constant. 


Let  the  photomixer  output  current  be  represented  by  the  Poisson  shot  noise  (PSN)  process  *(t).  From 
[1],  tho  detected  shot  noise  process  has  the  time  averaged  power  spectral  density 


Sx(u)  =  \H(w)\2[Et{N(t)}  +  SN(u)} 


(8) 


where  H( u>)  is  the  transform  of  the  electron  current  impulse  response  function,  5 n(u>)  is  the  power  spectrum 
of  the  count  intensity  function,  and  Et{N(t)}  is  the  time  averaged  expected  value  of  the  count  intensity. 
At  u>  =  0,  the  transfer  function  is 

ff(0)  =  ?, 


where  q  is  the  electron  charge. 


The  power  spectral  density  of  the  count  intensity  function  is  the  Fourier  transform  of  its  autocorrelation 
function,  i.e., 


SN(u>)  =  F{flN(r)}  , 

where 

Rn(t)  =  Et{N(t)N(t  +  r)}t 


(9) 

(10) 


is  the  time  averaged  autocorrelation  function.  In  the  strong  local  oscillator  condition,  the  count  intensity 
simplifies  to 


N(t)  3£  a[PLO\n(t)\2  +  2 VP^P.Re{s(t)n(t)e^”'t}} . 


(11) 


Using  this  simplification,  the  time  averaged  autocorrelation  function  becomes 


Rn(t)  =  a2PLO{PLoR\n?{r)  +  P.R.(T)R^(r)e-^  +  P.R^t)^)^^}  ,  (12) 

where 

#|np(r)  =  £{|n(t)|2|n(*  +  r)|2}, 

R.(t)  =  E{s(t)s-(t  +  T)},  (13) 

Rn(r)  -  £^{n(t)n*(t  +  r)}  . 


Note  that  the  time  averaging  assumption  removes  an  autocorrelation  term  of  the  form 


Re{R,.(r)Rn.n.(T)e^^2t+^} 


where 

R*v(t)  =  E{x(t)y(t  +  r).} 

Assuming  that  the  background  noise  is  a  zero  mean  stochastic  process  that  is  statistically  independent 
of  the  return  signal  process,  the  signal  autocorrelation  function  is 
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R,(t)  =  PrRr(r)  +  PbRb(r)  . 


(14) 


Using  (8),  the  power  spectral  density  of  the  shot  noise  process  z(<)  becomes 


=  !# Mi2  [  Et{N(t)}  +  a2P2LO  S|n)J(u-) 


where  from  (14) 


+  a2PLOP,  S,(u>)  <g)  5„(-u>  -  uIF)  +  a2PLOPt  S,{-u>)  ®  Sn(u  w/jr)] , 


(15) 


S,(u>)  =  PrSr(u>)  +  PbSb(u) . 


(16) 


Note  that  ®  denotes  the  convolution  operator. 

To  be  completely  explicit,  using  (16)  the  power  spectral  density  becomes 


=  \H(u,)\2[aPLOEt{\n(t)\2}  +  a2P20S|n|,(  u,) 

+  a2PLOPr  sr(u>)  ®  5n(-u»  -  w/f)  +  a2 PLOPb  sb(w)  ®  Sn{-w  -  urF)  (17) 

+  a2PL0Pr  Sr(-u)  <8  Sn(u)  -  w/f)  +  a2PLOPb  Sb(-u>)  ®  5„(u;  -  w/f)] 

Hence,  the  IF  passband  signal  spectrum  of  interest  is  convolved  with  the  corrupting  LO  noise  spectrum 
5n(u;).  Notice  that  any  background  light  (noise)  in  the  passband  is  also  convolved  with  the  LO  noise 
spectrum.  The  LO  noise  intensity  spectrum  5|n|j(a;)  is  also  present  and  will  not  disturb  the  IF  passband 
unless  the  intensity  noise  is  very  broadband.  Finally,  the  normal  shot  noise  level  is  increased  by  the  factor 
E  |n(t)|2  in  the  presence  of  AM  noise. 

A  sketch  of  the  power  spectrum  of  the  detector  output  current  x(t )  is  shown  in  Figure  1.  Arbitrary 
spectral  shapes  were  assumed  for  illustration  purposes.  Also,  note  that  the  resultant  power  spectrum  is 
the  sum  of  the  individual  spectra  shown  in  the  figure. 


3 -2.  DiaEGUDETEGIIQIL 

The  local  oscillator  quality  can  be  measured  directly  with  a  direct  detection  measurement  scheme.  If  the 
direct  detection  signal  incident  upon  the  detector  consists  of  just  the  local  oscillator  signal  (the  background 
light  noise  is  assumed  to  be  negligible),  then  the  power  spectral  density  of  the  detected  shot  noise  process 
is 


Sx(o,)  =  |tf(u,)|2[aPLOFt{|n(t)|2}  +  a2P2LOS  w»(u/)] 


(18) 


Notice  that  the  direct  detected  local  oscillator  power  spectrum  need  only  be  measured  over  the  frequency 
band  of  interest,  i.e.,  about  the  IF  carrier  frequency  lojf.  Notice  that  there  is  no  degradation  of  the  power 
spectrum  in  the  case  of  PM  noise  modulation. 
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INTENSITY  SPECTRUM  CONVOLUTION  OF  SIGNAL  AND 

OF  LO  SIGNAL  ENVELOPE  LO  NOISE  POWER  SPECTRUMS 

«PLOS  n  2M  «2PLOPrSr(-w)©Sn(to  -  CO|F) 


Figure  1:  Heterodyned  detector  output  power  spectrum  for  a  noise  modulated  local  oscillator  signal. 


4.  NOISE  POWER.  SPECTRUMS 
4.1.  Systematic  Noise  Modulation 


Consider  first  the  case  where  the  noise  is  modeled  to  be  deterministic  as  in  the  case  of  systematic  errors. 
Frequency  modulation  (FM)  can  be  thought  of  as  a  special  case  of  phase  modulation  (PM)  when  the  phase 
function  is  of  the  form 


$(<)  =  #o sin  2ir  fmt . 


(19) 


Oo  is  the  peak  phase  excursion  and  /m  is  the  modulating  frequency.  In  the  FM  context,  Oo  can  be  thought 
of  as  the  modulation  index  with 

Oo  =  A///m, 

where  A/  is  the  maximum  frequency  excursion.  In  any  case,  when  0o  is  small  the  FM  or  PM  complex 
envelope  from  (5)  becomes 


n(t)  =  1  F  j0osin  27t  fmt . 


(20) 


Similarly,  for  simple  sinusoidal  AM  modulation,  we  have  from  (6) 

n(t)  =  1  +  a(t) 

=  1  +  aosinujmt , 


(21) 


where  a0  is  the  modulation  depth  and  uim  =  2 n  fm  is  the  radian  modulation  frequency. 
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The  power  spectrum  of  n(t)  (for  all  three  forms  of  modulation)  becomes 

5n(w)  =  6(u>)  +  -  u)m)  +  5(u>  +  wm)}  .  (22) 

Note  that  this  is  just  the  familiar  double  sideband  spectrum  which  occurs  for  simple  sinusoidal  PM  or  FM 
with  9q  =  A///m  or  AM  with  0O  =  a0  .  Note  that  the  restriction  that  90  be  small  for  the  approximations 
to  be  valid  for  PM  or  FM  does  not  apply  to  AM.  That  is,  the  value  of  the  modulation  depth  ao  may 
be  as  large  as  one.  The  resulting  sideband  power  can  therefore  be  quite  large  for  systematic  AM  noise. 
Although  large  FM  and  PM  phase  excursions  may  occur,  it  will  be  generally  assumed  that  they  are  small, 
say,  6 o  <  0.1. 

The  time  averaged  mean  count  intensity  for  simple  sinusoidal  AM,  PM,  and  FM  is 

Et{\n(t)\2}  =  1  .  (23) 


The  intensity  spectrum  of  n(t)  is 


S(uj) 

(1  +  a\/ 2)76{w)  +  al6( u>  -  u>m)  +  +  u>m) 

+  T6^(U'  “  2wm))  +  y0<5(^  +  2u>m ) 


for  FM,  PM 


for  AM 


(24) 


The  heterodyned  detector  output  spectrum  for  sinusoidal  AM,  PM  and  FM  modulation  is  depicted  in 
Figure  2.  The  return  signal  is  assumed  to  be  a  simple  sinusoid  with  normalized  real  envelope  r(t)  =  1 
and  the  background  light  noise  is  assumed  to  be  white  with  normalized  power  spectral  density  S/,(w)  =  1  . 
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Figure  2.  Heterodyned  detector  output  power  spectrum  for  small  phase  deviation  sinusoidal  PM  or  FM 
and  for  sinusoidal  AM. 


4.2.  Random  Noise  Modulation 


Let  us  assume  that  the  phase  of  the  PM  or  FM  noise  process  is  uniformly  distributed.  That  is, 


P*(0) 


1  /  20o  for  -  0O  <  0  <  0o 
0  otherwise 


(25) 
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Note  that  $o  =  A f  / fm  for  the  FM  noise  process. 

If  we  assume  that  the  phase  functions  $(t)  and  $(<  +  r)  are  independent  (uncorrelated)  and  identically 
distributed  random  variables  except  for  r  =  0,  we  get 


Rn(r)  =  E{n(t)n'(t  +  t)} 

+  (26) 
=  1  +  ^i(r)  for  da  small. 


Again,  if  90  is  small,  then  the  spectral  densities  which  characterize  the  output  shot  noise  spectrum  in 
the  PM  or  FM  case  are  as  follows: 

5„(oi)  =  6(u)  +  0q/3  , 

%!>(“)  =  %),  (27) 

=  i- 


The  form  of  the  heterodyned  detector  output  power  spectral  density  is  shown  in  Figure  3,  where  the 
return  signal  is  assumed  to  be  a  simple  tone,  and  the  background  noise  is  assumed  to  be  negligible  or  else 
white. 
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Figure  3:  Heterodyned  detector  output  power  spectrum  with  random  PM  or  or  AM  of  the  LO.  The 
reference  or  received  signal  is  assumed  to  be  a  monochromatic  laser  or  tone  signal  at  radian  frequency  u >if 
from  the  optical  carrier  frequency. 


Let  us  assume  that  the  complex  AM  noise  envelope  a(t)  is  a  complex  circular  Gaussian  noise  process. 
Let  the  real  and  imaginary  parts  of  a(t)  be  independent  zero  mean  Gaussian  processes  with  F{(fiea)2}  = 
E{(Ima)2}  =  all  2. 

The  corresponding  power  spectral  densities  for  the  complex  process  n(t)  =  1  +  a(t)  are  as  follows: 

Sn(<*>)  -  <5(u/)  +  a\  ,  (28) 
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5|np(w)  =  (1  +  <rl)26(u>)  4-  2 <t\  , 


(29) 


£<{M0l2}  =  i  +  • 


(30) 


The  form  of  the  heterodyned  detector  output  power  spectral  density  for  complex  Gaussian  AM  noise  is 
shown  in  Figure  3,  where  again  the  return  signal  is  assumed  to  be  a  simple  tone  and  the  background  noise 
is  assumed  to  be  negligible  or  else  white.  Notice  that  the  only  significant  difference  between  the  random 
PM  and  AM  cases  is  that  the  AM  noise  level  is  slightly  higher  because  the  AM  noise  is  not  a  constant 
envelope  process. 


5.  EXPERIMENTAL  SETUP 


PREAMP 


Figure  4:  Experimental  noise  measurement  setup. 

Figure  4  shows  a  schematic  diagram  of  the  experimented  setup.  The  I-P(12)  output  beam  of  a  1.5  m 
long  grating-tuned  12C180 2  laser  is  transformed  tc  a  3  mm  1/e2  beam  spot  on  the  acousto-optic  (AO) 
modulator.  The  AO  modulator  is  driven  by  an  RF  MOPA  chain  consisting  of  a  40  MHz  CW  sinusoidal 
signal  from  a  frequency  synthesizer  (Hewlett  Packard  model  HP8656B),  and  an  RF  amplifier  (ENI  Inc. 
model  325LA),  which  has  a  noise  figure  of  about  10  dB  and  an  output  power  of  about  25  W  when  driven 
by  a  -6  dBmW  sinusoidal  input  signal.  The  +1  order  diffracted  output  beam  from  the  AO  modulator  is 
transformed  (by  a  2  m  radius  of  curvature  mirror)  to  a  1/e2  beam  waist  diameter  of  4.5  mm,  which  is  the 
same  as  that  at  the  zero-order  grating  output  of  the  1.5  m  13C1802  laser.  This  frequency  shifted  beam  is 
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next  combined  with  the  I-R(38)  output  beam  of  the  13C1802  laser  at  the  beam  splitter.  A  final  lens  is  used 
to  focus  the  combined  beam  on  the  detector  for  heterodyned  detection.  The  13C1802  laser  beam  waist, 
with  a  waist  diameter  of  4.5  mm,  is  positioned  purposely  the  same  distance  from  the  beam  splitter  as  that 
of  the  transformed  4.5  mm  beam  waist  of  the  frequency  shifted  beam  for  optimum  heterodyne  efficiency. 

The  detector  is  a  high  speed  HgCdTe  detector,  SAT  Inc.  model  Class  5c,  ser.  no.  648  P,  optimally 
biased  for  high  effective  quantum  efficiency  operation.  The  preamplifier  block  of  Figure  4  consists  of  a  first 
stage  preamplifier,  which  has  a  small  signal  gain  of  about  30  dB  and  a  noise  figure  of  about  1.5  dB,  and 
a  second  stage  preamplifier,  which  has  a  small  signal  gain  of  about  30  dB  and  a  noise  figure  of  about  4 
dB.  The  preamplifier  stages  are  used  to  improve  the  sensitivity  of  the  spectrum  analyzer,  Hewlett  Packard 
model  HP8566B.  A  20  dB  microwave  attenuator  is  used  between  the  preamplifiers  to  prevent  saturation 
of  the  second  amplifier,  which  is  rated  at  +9  dBm  at  the  1  dB  compression  point. 

The  lasers  are  the  Freed  type  [4]  and  are  known  to  have  high  spectral  purity  with  low  phase  and 
amplitude  noises. 


6.  MEASUREMENT  RESULTS 

6.1.  HETERODYNE  SPECTRUM  WITH  AND  WITHOUT  AQ  MODULATION 

In  this  first  experiment,  we  measured  the  heterodyne  signal  between  the  13C1802  I-R(38)  (rare  isotope) 
laser  line  and  the  1201602  I-P(12)  (regular  isotope)  laser  line  passing  through  but  unmodulated  by  the 
AO  modulator.  The  frequency  difference  between  these  laser  transitions  is  about  665  MHz.  The  input 
power  from  the  regular  isotope  laser  to  the  detector  was  sufficiently  high  with  the  shot  noise  level  above 
the  thermal  noise  level.  The  regular  isotope  laser  then  acts  as  the  local  oscillator.  The  beat  signal  near 
665  MHz  is  shown  as  the  top  trace  in  Figure  5.  The  other  traces  in  Figure  5  are  the  shot  noise  due  mainly 
to  the  12C1602  I-P(12)  laser  line  which  serves  as  the  laser  local  oscillator,  the  thermal  noise  at  the  input  to 
the  first  amplifier  amplified  by  the  preamplifiers,  and  the  noise  level  at  the  spectrum  analyzer  input  with 
the  preamplifiers  off. 

For  comparison,  when  the  +1  order  output  of  the  AO  modulator  (obtained  with  a  40  MHz  RF  drive 
signal)  was  heterodyned  with  the  isotope  laser  line,  we  obtained  the  heterodyne  signal  shown  in  Figure  6. 
The  frequency  difference  between  these  laser  beams  is  about  625  MHz.  The  combined  noise  spectrum 
of  the  frequency  synthesizer  and  the  RF  power  amplifier,  are  impressed  through  the  AO  modulator  onto 
to  the  regular  isotope  laser  output.  The  result  is  that  the  heterodyne  signal  can  be  expected  to  contain 
a  higher  noise  level  in  comparison  with  that  in  the  ’clean’  or  unmodulated  LO  measurement  shown  in 
Figure  5.  A  detailed  examination  of  Figure  6  reveals  that  this  is  indeed  the  case.  Thus,  we  conclude  that 
the  noise  in  the  +1  order  output  is  higher  than  in  the  unmodulated  output  of  the  12C1602  I-P(12)  laser 
line.  In  obtaining  the  above  measurement  r ’«ults,  great  care  was  taken  to  prevent  any  signal  saturation 
and  spurious  noise  pickup  in  any  part  of  the  detection  electronics. 

For  reference  purposes,  the  40  MHz  RF  drive  spectrum  at  the  input  to  the  AO  modulator  and  the 
heterodyned  signed  spectrum  from  575  MHz  to  675  MHz  are  shown  in  Figures  7  and  8.  We  want  to  point 
out  in  particular  that  the  zero  order  signal  from  the  AO  modulator  is  as  low  as  —72  dB  below  the  first  order 
signal,  a  number  far  lower  than  -40  dB  generally  reported.  It  may  be  due  to  the  special  construction  of  the 
AO  modulator,  LntraAction  model  AGM406B,  which  is  made  for  high  conversion  efficiency  at  a  moderate 
RF  drive  power. 


6.2.  SINUSOIDAL  FM  AND  AM  MODULATION  OF  THE  RF  DRIVE  SIGNAL 

In  the  this  second  experiment,  the  40  MHz  signal  from  the  frequency  synthesizer  was  frequency  mod¬ 
ulated  using  an  external  350  kHz  sinusoidal  source.  The  modulation  index  was  about  0.005.  The  drive 
spectrum  at  the  input  to  the  AO  modulator,  after  proper  attenuation,  is  shown  in  Figure  9,  showing  that 
the  first  sidebands  are  about  52  dB  below  the  carrier.  When  this  local  oscillator  signal  containing  FM 
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Figure  5:  Heterodyne  spectrum  with  an  unmodulated  LO  laser. 
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Figure  6:  Spectrum  of  the  reference  laser  heterodyned  with  an  LO  laser  which  is  AO  modulated  by  a  40 
MHz  sinusoidal  RF  drive  signal. 
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sidebands  was  heterodyned  with  the  laser  beam  from  the  rare  isotope  laser,  we  obtained  the  heterodyned 
signal  shown  in  Figure  10,  after  amplification  by  the  two  preamplifiers.  The  rare  isotope  laser  power  was 
about  1/10  that  of  the  laser  local  oscillator  power.  We  note  that  the  first  sidebands  are  52  dB  below 
the  carrier  level,  just  as  the  sidebands  of  the  40  MHz  RF  drive  signal.  In  addition,  as  the  rare  isotope 
laser  signal  was  attenuated,  the  relative  carrier-to-sideband  ratio  stays  constant.  This  linearity  in  pow«>r 
is  expressed  by  (17),  which  shows  that  both  the  carrier  and  the  sidebands  are  proportional  to  the  return 
signal  or  rare  isotope  laser  power  Pr. 

On  the  other  hand,  when  we  applied  an  external  amplitude  modulation  to  the  local  oscillator  signal, 
unexpected  results  were  obtained  in  that  the  heterodyne  sideband  amplitudes  were  lower  than  those  in 
the  RF  drive.  Results  are  shown  in  Figures  11  and  12  for  two  levels  of  AM  modulations,  0.2  %  and 
1.0  %,  respectively.  The  corresponding  40  MHz  AM  modulated  RF  drive  spectrum  was  measured  and 
superimposed  upon  the  measured  heterodyne  spectrum  in  each  figure  for  comparison.  For  0.2  %  AM 
modulation,  the  amplitudes  of  the  sidebands  relative  to  the  carrier  in  the  40  MHz  RF  drive  signal  are  seen 
to  be  about  15  dB  higher  than  those  in  the  heterodyned  case  (see  Figure  11).  For  1.0  %  AM  modulation, 
we  see  that  there  are  a  number  of  sidebands;  the  amplitudes  of  the  sidebands  relative  to  the  carrier  in  the 
40  MHz  RF  drive  signal  vary  from  about  15  dB  higher  to  about  5  dB  higher  than  those  in  the  heterodyned 
case  (see  Figure  12)  as  the  order  of  the  sideband  increases.  Repeated  measurements  produced  essentially 
the  same  results. 

The  authors  have  no  explanation  for  these  unexpected  results  for  AM  modulation.  Between  the  AM 
and  FM  measurements,  there  was  no  change  in  measurement  setup  other  than  the  change  in  the  frequency 
synthesizer  modulation  input.  A  likely  explanation  for  the  AM  amplitude  suppression  could  be  in  the 
nature  of  the  acousto-optic  modulation  mechanism.  For  example,  the  moving  acoustic  grating  generated 
on  the  AO  interacting  medium  has  a  uniform  grating  spacing  in  the  case  of  amplitude  modulation  and  a 
non-uniform  spacing  in  the  case  of  frequency  modulation.  Perhaps  a  detailed  analysis  along  this  line  can 
reveal  the  real  reason  for  the  difference  in  the  sideband  suppressions. 


6.3.  WIDEBAND  NOISE  CORRUPTION  OF  THE  RF  DRIVE  SIGNAL 

A  third  set  of  measurements  was  performed  for  an  experiment  wherein  a  high  level  broadband  thermal 
noise  was  added  to  the  frequency  synthesizer  output  before  amplification  by  the  RF  power  amplifier.  The 
broadband  thermal  noise  was  generated  by  amplifying  noise,  from  the  50  ohm  terminated  input  of  the 
first  preamplifier,  through  two  stages  of  preamplifiers  totaling  about  60  dB  of  small  signal  gain  .  The 
combined  signal  and  broadband  thermal  noise  RF  drive  spectrum  output  from  the  power  amplifier  is 
shown  in  Figure  13,  along  with  the  original  RF  drive  power  spectrum.  As  can  be  seen,  the  amplified  noise 
level  is  about  30  dB  above  that  of  the  original  noise  level. 

The  noise  level  is  purposely  raised  because  the  spectrum  analyzer  sensitivity  is  not  high  enough  to 
detect  the  phase  noise  presence  in  the  sinusoidal  signal  output  of  the  frequency  synthesizer.  With  the 
added  thermal  noise,  we  had  no  trouble  in  observing  the  noise  levels  as  shown  in  Figures  14  and  15 
for  the  wideband  and  narrowband  heterodyned  spectra  around  the  625  MHz  sinusoidal  beat  frequency, 
respectively.  In  Figure  14,  the  bandwidth  of  the  broadband  noise  is  narrowed  to  about  8  MHz  after 
heterodyned  detection.  This  narrowing  of  the  amplified  broadband  noise  spectrum  occurs  because  the 
higher  difference  frequencies  are  spatially  filtered  (attenuated)  due  to  their  misalignment  with  the  optical 
train  (the  direction  of  the  diffracted  beam  is  a  function  of  frequency)  and  because  the  AO  modulator’s 
conversion  efficiency  drops  off  at  the  higher  frequencies  (above  40  MHz). 

Taking  into  account  the  difference  in  the  resolution  and  video  bandwidths  between  Figure  15  and 
Figure  13,  the  heterodyned  carrier  to  noise  power  level  is  about  2  dB  higher  than  that  of  the  noisy  RF 
drive  signal.  This  noise  level  reduction  seems  to  confirm  that  the  thermal  noise  contains  both  AM  and  FM 
components,  as  expected. 

Far  away  from  the  carrier,  the  noise  level  in  Figure  14  drops  down  to  the  normal  shot  noise  level  because 
the  broadband  noise  in  the  local  oscillator  is  spatially  filtered  out  due  to  the  AO  modulator  diffraction  and 
to  wavefront  mismatching. 
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Figure  15  shows  a  close-up  view  of  the  noise  spectrum  near  the  carrier.  Spectrum  analyzer  traces  are 
shown  for  the  cases  where  the  received  signal  or  rare  isotope  laser  power  level  is  attenuated  by  9  and  25 
dB.  Consistent  with  the  theory  of  (17),  we  see  that  the  noise  level  of  the  heterodyne  spectrum  is  linearly 
proportional  to  the  power  of  the  received  signal  PT,  provided  that  the  AM  and/or  PM  noise  level  is  above 
the  LO  shot  noise  level. 


7.  DISCUSSION 

We  have  used  a  direct  spectrum  comparison  technique  for  measuring  the  phase  noise  in  a  corrupted  laser 
LO  with  respect  to  a  clean  laser  LO.  The  measurement  accuracy  can  be  improved  greatly  by  phase  locking 
both  lasers  and  the  frequency  synthesizer  and  then  demodulating  the  laser  beat  frequency  to  baseband. 
The  phase  measurement  could  then  be  performed  using  a  commercially  available  microwave  phase  noise 
measurement  instrument  like  the  HP  3048A  system.  Such  a  setup  would  involve  relocating  the  lasers  to  a 
very  quiet  environment  and  building  phase  locking  loops. 


8.  CONCLUSIONS 

A  heterodyne  detection  experiment  was  devised  to  measure  the  effects  of  frequency  shifting  the  local 
oscillator  laser  with  an  acousto-optic  modulator.  The  RF  drive  signal  spectrum  was  shown  experimentally 
to  be  translated  to  the  heterodyne  spectrum.  This  drive  spectrum  will  set  the  ultimate  performance  limit 
of  a  heterodyne  detection  system  when  the  heterodyne  carrier- to- shot  noise  level  is  greater  them  the  RF 
drive  carrier-to-noise  level.  A  generalized  theoretical  heterodyned  detector  power  spectrum  representation 
was  used  to  relate  the  experimental  measurements  to  the  theory. 

Theoretical  and  experimental  results  were  shown  to  be  in  agreement,  but  the  AO  modulator  produced 
an  unexpected  reduction  in  the  AM  sideband  levels  of  the  RF  drive  signal.  It  was  found  that  the  AO 
modulator  reduced  the  sinusoidal  AM  sidebands  of  the  RF  drive  signal  by  more  than  10  dB.  Also,  the 
zero-order  diffracted  output  of  the  AO  modulator  was  about  -70  dBc,  compared  to  the  typically  reported 
-40  dBc  level. 
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Figure  7:  40  MHz  RF  drive  spectrum. 


575  625  675 

FREQUENCY  (MHz) 


Figure  8:  Broadband  view  of  the  spectrum  of  the  reference  laser  heterodyned  with  an  LO  laser  which  is 
AO  modulated  by  the  40  MHz  sinusoidal  RF  drive  signal. 
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Figure  11:  Heterodyne  spectrum  with  0.2%  AM  modulation  of  the  40  MHz  RF  drive  signal. 


FREQUENCY  (MHz) 

Figure  12:  Heterodyne  spectrum  with  1.0%  AM  modulation  of  the  40  MHz  RF  drive  signal. 
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Figure  13:  Very  noisy  40  MHz  RF  drive  signal. 


FREQUENCY  (MHz) 

Figure  14:  Wideband  view  of  the  heterodyne  spectrum  with  a  very  noisy  RF  drive  signal 
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PROPERTIES  OF  A  LASER  BEAM  GENERATED  FROM  AN  AXICON  RESONATOR 


V.M.  Weerasinghe,  J.  Gabzdyl  and  R.D.  Hibberd 
Centre  for  Robotics  and  Automated  Systems 
Imperial  College  of  Science,  Technology  and  Medicine, 
Exhibition  Road,  London,  SW7  2BX,  England 


Abstract 

A  high  power  cw  CO^  laser  beam  is  generated  from  a  resonator  configuration  having  an 
axicon  mirror  as  its  end  reflector.  The  properties  of  this  beam  is  evaluated  in  terms  of 
its  polarisation,  focussing  capability  and  temporal  stability  and  the  resulting  effects  on 
processing  materials  are  presented.  A  comparison  is  made  with  a  folded  and  a  straight 
resonator  having  a  spherical  focussing  mirror  as  its  end  reflector. 

Introduction 

Laser  materials  processing  encompasses  diverse  applications  such  as  welding,  cutting, 
scribing,  drilling  and  a  multitude  of  surface  modification  processes.  In  each  application, 
optimum  results  are  obtained  from  a  combination  of  specific  properties  of  the  beam.  For 
example,  of  particular  relevance  to  cutting,  welding  and  scribing  are  the  mode  quality  and 
the  state  of  polarization  of  the  beam  (1,2).  For  surface  modification  processes,  a 
multimode  beam  is  preferred  (3).  Further,  for  multidirectional  processing,  the  radial 
symmetry  of  the  spatial  intensity  distribution  is  important.  Therefore,  it  is  necessary 
to  'engineer'  the  -earn  to  suit  the  particular  application. 

The  aim  of  this  paper  is  to  present  experimental  observations  of  some  properties  of  a 
laser  beam  generated  from  an  axicon  resonator,  from  the  viewpoint  of  materials  processing. 
Development  of  a  theoretical  basis  for  the  observed  properties  is  at  hand  and  will  the 
subject  of  a  future  paper. 

Treacy  (4),  describes  an  open  axicon  resonator  made  of  two  concave  conical  mirrors,  with 
inclusive  angles  of  146  degrees.  Based  on  the  original  work  by  Fox  and  Li  (5),  optimum 
parameters  for  ope'’  resonators  with  full  and  truncated  conical  mirrors  are  derived  by 
Voytovich  (6).  The  resonator  configuration  investigated  consisted  of  two  identical  conical 
mirrors  with  large  inclusive  angles.  It  is  shown  that  for  small  Fresnel  numbers,  the  loss 
in  the  conical  resonator  is  similar  to  a  confocal  resonator  and  less  than  a  plane  parallel 
r  o  3  o  r»  ci  t  o  r  . 

Experimental 

The  conical  resonator  configuration  investigated  in  the  present  study  is  illustrated  in 
figure  1(a).  It  was  constructed  from  one  half  of  a  folded  cavity  used  in  a  2Kw  cw  C0_ 
machine  manufactured  by  Control  Laser.  The  inclusive  angle  of  the  concave  conical  reflector 
was  JO  degrees,  nominal  value.  The  output  aperture  and  the  reflector  aperture  were  33mm  in 
diameter  and  the  cavity  length  was  4m  (Fresnel  No. 3).  Properties  of  the  conical  resonator 
was  compared  with  the  straight  spherical  resonator,  figure  1  (b)  and  the  folded  resonator, 
figure  1  ( c  )  . 

A  rotating  wire  instrument  (7)  was  used  to  study  focussed  spot  sizes  and  power  stability. 
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Figure  1:  Resonator  configurations  which 
were  investigated. 


Figure  2  shows  the  conical  mirror  used.  The  mirror  shown  was  diamond  machined  from 
copier  and  gold  coated.  A  small  3mm  diameter  hole  was  required  at  the  apex,  to  clear  the 
diamond  tool. 


F'iuure  2:  The  conical  mirror. 

Results  and  Discussion 

Iron’  geometrical  optics,  it  can  be  shown  that  the  deviation  of  a  ray  after  two 
reflect  ions  Lrcrr.  two  mirrors  inclined  to  each  other  at  an  anqle  'a'  is  independent  of  the 
angle  of  incidence  and  is  given  by  2( n  -a)  if  the  plane  of  incidence  is  perpendicular  to 
the  line  of  intersection  of  the  two  mirrors.  This  is  also  valid  for  the  conical  mirror 
because  it  is  the  surface  of  revolution  of  two  inclined  lino  reflectors.  Therefore, 
t a- •  conical  resonator  will  be  less  sensitive  to  mirror  misalignment  because  the  mode  axis  i 
not  displaced.  The  laser  power  was  observed  to  be  less  sensitive  to  manual  misalignments  o 
the  mirrors  for  th.  conical  resonator,  compared  to  other  resonator  configurations  shown  in 
figure  1  (b,c) .  The  power  variation  from  start-up  and  during  warm-up  of  the  laser  was 
observed  to  be  10*  for  the  straight  spherical  resonator  and  2*  for  the  conical  resonator. 
For  operating  conditions  of  35  torr  and  110  mAmp,  1 . OKw  was  obtained  from  the  conical 
resonator.  For  the  same  conditions,  about  10*  more  power  was  obtained  from  the  straight 
spherical  resonator. 

A  laser  cavity  with  large  angled  folded  mirrors,  linearly  polarize  the  beam  due  to  the 
•‘Chanced  'S'  reflection.  The  state  of  polarization  of  the  straight  spherical  resonator 
will  be  random.  A  speculative  theory  is  that  the  beam  from  the  conical  resonator  will  be 
equally  polarized  in  all  directions  at  a  given  instant.  This  is  also  based  on  observat ions 
of  burn  prints  made  by  the  conical  beam  which  was  reflected  off  a  KCL  flat  held  at  an 
angle. 

The  effect  of  the  polarization  on  laser  cutting  is  well  known.  In  drilling,  a  linearly 
polarized  beam  distorts  the  desired  circular  hole  shape  in  the  ' P '  direction.  Figure  3 
shows  the  distortion  of  the  hole  shape  produced  by  the  linearly  polarized  beam  from  the 
folded  resonator,  compared  to  a  good  circular  shape  produced  by  the  beam  from  the  conical 
resonator . 


3  b 

Fijut"  i:  bri  1  -d  hole  shapes.  (a)  Linearly  polarized  beam  from  the  folded  resonator . 

>b)  Conical  resonator . 

In  the  conical  resonator ,  the  mode  volume  will  occupy  a  higher  proportion  of  t.h"  gain 
medium  compar'd  to  the  other  resonator  eonf iqurat ions.  Put her,  due  to  ray  reversal,  the 
mode  qua  lit/  will  be  1  ess  susceptible  to  degradation  by  optical  and  gain  inhomogen iet  ies  of 
v h ■  -  medium. 

Li  rare  4  shows  in  a  qua] i tat i vr  manner,  the  intensity  distribu* ion  of  the  l>“am  from  tin' 
con  i<:  1 1  resonator,  taken  about  1.5  im  tr<  :>  away  from  the  output  aperture.  The  two  distinct 
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structure . 


features  are  its  symmetry  or  circularity  and  the  'doughnut' 


c 


Figure  4:  The  'doughnut'  structure  of  the  intensity  distribution  of  the  beam  produced  by 
the  conical  resonator. 

The  'doughnut'  structure  is  particularly  useful  in  surface  modification  processes 
because  of  its  less  centralised  intensity.  For  example,  in  hardening,  it  is  desirable  to 
obtain  a  nigh  width/depth  aspect  rat’o  of  the  hardened  zone  without  melting.  Figure  5 
shows  a  cross  section  of  a  hardened  track  produced  by  the  conical  beam.  The  width/depth 
aspect  ratio  of  this  particular  track  is  10  which  is  comparatively  higher  than  4  to  6 
usually  obtained  from  gaussian  or  multimode  beams. 


Figure  5:  A  cross  section  of  a  laser  hardened  track  produced  by  the  conical  resonator. 
Width  depth  aspect  ratio  10. 

Figure  6  shows  a  summary  of  cutting  results.  A  more  detailed  report,  including  a 
comparison  with  the  folded  resonator,  can  be  found  in  (8).  As  shown  in  the  results,  a 
higher  cutting  speed  was  obtained  for  the  beam  from  the  conical  resonator  compared  to  the 
straight  sperical  resonator  beam.  Furthermore,  the  cut  quality  from  the  conical  resonator 
beam  was  observed  to  be  non-directional . 


CONICAL 

SPHERICAL 

RATIO 

Vmax.  Ar-40psi 

16  mm/sec. 

13  mm/sec. 

1  23 

Vmax.  02  -30 psi 

90  mm/sec. 

77  mm/sec. 

1-17 

Figure  6:  Comparative  cutting  results.  Material  -  0.8mm  thick  car  body  steel.  Lens  focal 
length  -  100mm.  Kerf  widths  from  conical  resonator  beam  -  0._>5  to  0.50mm.  Laser  power 
1  . 0  Kw . 

The  focussed  spot  Sizes  which  were  measured  in  a  qualitative  manner,  using  the  rotating 
wir--  instrument  ( LBA ) ,  indicated  the  conical  beam  spot  size  to  be  approximately  15 A  larger 
than  the  straight  spherical  beam.  Therefore,  the  higher  cutting  speeds  obtained  from  the 
conical  beam  could  be  the  result  of  a  'trade  off'  between  the  doughnut  intensity  structure 
which  generates  a  higher  moan  temperature  and  the  focussed  spot  size. 
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Conclusions 


Specific  characteristics  of  the  conical  resonator  beam  which  are  of  interest  are: 
a'  Less  sensitivity  to  cavity  mirror  mi  sal 1 ignment s . 

b 1  The  state  of  polarization.  This  could  elliminate  the  need  for  an  external  circular 

i olar l zer . 

c)  The  'doughnut'  intensity  structure. 

Results  obtained  from  this  preliminary  investigation  clearly  justifies  a  further  detailed 
study  of  conical  resonators  and  their  application  to  materials  processing. 
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COMPACT  CO2  LASERS  OPERATING  IN  THE  FULSED-REPETITIVE  MODE 

Prof.  G.A.  Mesyats,  Dr.  V.V.  Oaipov,  Dr.  V.M.  Orlovsky 
USSR  Academy  of  Sciences  Ural  Division 
Institute  of  Electrophysics,  620219  Sverdlovsk 


The  paper  reports  the  results  of  a  series  of  experimental  and  theoretical  works  aimed 
at  the  creation  of  compact  sealed-off  e-beam-sustained  and  TEA  COp  lasers.  It  is  shown 
that  high-pressure  e-beam-sustained  lasers,  in  which  a  space  discharge  is  initiated  by  an 
electron  beam  of  duration  10-9  s  may  be  made  compact  and  capable  of  operating  in  the  seal- 
°ff  mode  at  a  frequency  of  tens  of  hertz.  These  laser  systems  have  the  following  features: 

(1)  low  We/iVH  ratios  where  iVo  is  the  electron  beam  energy,  is  the  energy  delivered  to 

the  gas;  (2)  division  of  the  space  discharge,  10-5  s  after  its  initiation  ,  Into  two 
operating  zones;  (3)  contraction  of  the  space  discharge  after ~103  shots  at  the  electric 
field  exceeding  a  certain  critical  value;  (4)  existence  of  minimum  values  of  both  the  de¬ 
livered  and  the  produced  energy  in  the  initial  period  of  operation  (  ~  103  shots).  An  ex¬ 
planation  of  these  features  is  given.  Several  laser  designs  operating  at  frequencies  of  4 
to  50  Hz  and  producing  1  to  10  j  of  radiation  energy  are  described.  The  results  of  a  study 
aimed  at  the  improvement  of  energetic  and  resource  characteristics  of  compact  TEA  COp  la¬ 
sers  by  raising  the  intensity  of  preliminary  ionization,  shortening  the  period  of  pumping 
and  using  electrodes  with  good  emissive  properties  are  reported.  For  1-1000  Hz,  0.05-0.3J 
lasers,  pumping  schemes  and  performance  are  given. 


The  compact  CO2  lasers  operating  in  the  pulse-repetitive  mode  are  of  a  significant  in¬ 
terest  in  view  of  using  them  for  range-finding1,  location2,  atmospheric  probing3,  in  non¬ 
linear  optics4,  technology5,  etc.  The  works  aimed  at  diminishing  of  the  size  of  these  de¬ 
vices  focus  on  the  study  of  sealed-off  COp  lasers.  At  the  same  time,  these  lasers  having 
high  efficiency,  good  energetic  characteristics®, 7  and  ability  of  operation  at  a  high  pre¬ 
ssure  of  the  active  medium®  are  promising  there  where  it  is  necessary  to  re-tune  continu¬ 
ously  the  radiation  frequency  or/and  produce  high-power  radiation  pulses  of  short  duration 
(  ^  10“8  s)9.  in  the  recent  years  we  made  an  attempt  to  investigate  if  it  is  possible  to 
create  pulse-repetitive  sustainers  and  to  improve  the  performance  of  sealed-off  TEA  CO2  la 
sers. 

Experiments  were  carried  out  on  set-ups  typical  diagrams  and  laser  parameters  of  which 
are  shown  in  Fig.1  and  Table  1,  respectively. 

Table  1 


Characteristics 

MIG-4 

MIG-5 

Characteristics 

LIAN-2 

e-beam  lasers 

TEA  lasers 

LIAN-3 


active  volume 

0.7x1 .5x10 

3x3x72 

(cm3) 

Ci ,  nF 

C2  nF 

50  10“  3 

20 

190 

electron  beam 

0.6-90 

70 

density(A/cm2 ) 
duration  elect¬ 

2.5 

4.2 

ron  beam(  n3  ) 
frequency (Hz) 

4 

till  50 

ef ficiency(%) 

8 

22 

maximum  multi- 

1 

30 

mode  output 
energy 


active  volume 
(cm3 ) 

Ci  n 

Cp  n 

0.5x0.4x20 

0.5x0. 5x3' 

33 

13.6 

3.3 

C3  n 

0.6 

0.76 

Li  u 

80 

Lo  u 

20 

Uq  4V 

till  11 

till  25 

frequency(Hz ) 

till  100 

till  1000 

efficiency(%) 

5.6 

12 

maximum  multi- 
mode  output 
energy 

0.1 

0.65 

Lig-  1  Circuit  schematic  for  electron  beam 
sustainer  (a)  and  TEA  (b)  C02-lasers 
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In  the  sealed-off  e-beam-sustained  lasers  we  used  electron  beams  of  nanosecond  duration. 
This  was  caused  by  our  desire  to  diminish  the  gas  mixture  dissociation  and  the  laser  di¬ 
mensions.  The  laser  dimensions  can  be  reduced  in  this  case  because  the  insulator  gaps  may 
be  made  essentially  shorter  and  electron  beams  are  generated  by  sealed-off  vacuum  diodes, 
i.e.  without  application  of  any  extra  pumping  equipment. 


Pig.  2 

Maximum  input  energies  W/p  depo¬ 
sited  into  the  gas  and  their  cor¬ 
responding  values  of  E/p  as  a  func¬ 
tion  of  the  pressure  for  aluminium 
(1)  and  lead  (2)  anodes.  Active 
volume-1 xl .5x10  cm;  Gas  mixture  - 
C02  :  N2  =  1  :  1 . 


Pig.  3 

Input  W  (1)  and  output  Q  (2)  energies 
as  a  fuction  of  a  number  of  shots. 

Gas  mixture  -  COg  5  N„  =»  1  :  1 
p  =  1  atm. 


Figure  2  shows  maximum  input  energies  deposited  into  the  gas  and  the  corresponding  va¬ 
lues  of  E/p  (  E  is  the  electric  field  strength,  p-the  pressure  of  the  working  gas  mixture) 
as  a  function  of  pressure  for  aluminium  and  lead  anodes.  A  considerable  reduction  of  the 
electron  beam  duration  and  high  input  energies  resulted  in  the  improved  ratio  between  the 
energy  input  into  the  gas  by  the  electron  beam  and  the  energy  deposited  by  the  discharge 
process.  For  a  pressure  of  4.5  atm.  This  ratio  is  10”2.  This  suggests  that  it  is  possible 
to  create  compact  e-beam-sustained  lasers  with  overall  dimensions  not  above  those  of  TEA 
lasers. 

The  data  presented  in  Fig. 3  demonstrate  that  e-beam-sustained  lasers  can  operate  in  the 
sealed-off  mode  with  an  efficiency  of  more  than  20%  and  an  output  energy  of  20  J/l.In  this 
mode  a  certain  transient  effect  takes  place  which  is  caused  in  our  opinion  by  the  follo¬ 
wing  reactions*!0: 


co*> 

—  CO  +  0 

(1) 

0  + 

0  +  M  —  02  +  M 

(2) 

n2  + 

02  -*N0  +  N 

(3) 

NO  + 

0  -  NpO 

(4) 

n2  + 

0  -n2o 

(5) 

o2  + 

e  0  +  0” 

(6) 

NO  + 

e  -N  +  0“ 

(7) 

N20  +  e  -*•  NO  +  0" 

(8) 

N02  +  e  +  M  —  N02  +  M 

(9) 

CO  + 

O2  ♦  COp 

(10) 

NO  Oo  +  N2 

(11) 

NO  + 

CO  ^  Np  +  COp 

02) 

N2O  +  CO  $2  +  CO2 

(13) 

During  the  first  cycle  of  reactions  (1-5)  there  occurs  a  growth  in  the  amount  of  elect¬ 
ronegative  nitrogen  oxides.  They  reduce  the  discharge  current  (2nd  cvcle  of  reactions  (6- 
-9))  and,  consequently,  the  radiation  energy.  The  oxides  decompose  in  the  plasmochemical 
reactions  with  excited  GO.  As  the  CO  concentration  grows,  the  formation  rate  of  nitrogen 
oxides  at  a  certain  time  becomes  lower  than  the  rate  of  decomposition.  The  process  is 
stabilised  at  a  quasi-steady-state  concentrations  of  CO  and  02  (  reactions  (10-13)). 

In  Fig.  3  the  position  of  the  minima  of  the  curves  depends  on  the  parameters  of  the 
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electron  beam  and  the  space  discharge,  and  the  volume  of  the  laser  chamber. For  instance, 
if  an  electron  beam  affects  the  working  medium  and  a  discharge  is  initiated  in  every  500 
shots  to  make  measurements,  the  generation  stops  after  about  (  2.5-3)  10^  shots  (  dash 
curves)  the  same  effect  can  be  attained  with  the  same  manipulations  during  the  quasi  - 
steady-state  period. 

It  has  been  also  noticed  that  the  discharge  operated  for  an  unusually  long  time.  For 
nitrogen,  in  particular,  its  operation  time  was  longer  than  10“ 3  s.  The  solutions  of  the 
continuity  equation  and  the  Poisson  equation  have  shown  that  ior  our  experimental  condi¬ 
tions  (d  =  3  cm,  U0  =  37  kV,  the  gas  was  nitrogen  at  atmospheric  pressure)  the  cathode 
voltage  drop  was  comparable  with  the  applied  voltage  and  the  cathode  drop  length  -  with 
the  electrode  separation  at  a  current  density  of  35  mA/cm2.  That  current  density  occurred 
at  the  15th  microsecond  after  the  beginning  of  the  discharge,  and  one  could  expect  that 
the  electronic  conductance  would  change  to  the  ionic  one.  However,  no  abrupt  current 
change  was  observed  in  the  waveforms.  .Ye  connected  this  observation  with  the  discharge  di¬ 
vision. 

Figure  4  presents  a  character  of  a  discharge  glow  in  nitrogen  during  the  first  microse¬ 
cond  and  20  microseconds  after  the  discharge 
ignition.  Similar  results  were  obtained  for 
mixtures  of  COo  and  No.  As  can  be  seen  from 
these  figures  the  discharge  divides  during 
the  final  stage  of  operation. 

,Ye  were  unable  to  elucidate  clearly  the 
form  of  the  glow  and  the  place  of  its  opera¬ 
tion.  These  observations,  however,  enable, 
us  to  state  that  the  current  in  the  laser 
active  zone  stops  as  the  cathode  drop  dis¬ 
appears  . 

He  have  also  revealed  if  the  initial 
electric  field  exceeds  a  certain  critical 
value  then  a  non-sustaxned  glow  discharge 
contracts  after  a  few  thousands  of  shots 
both  in  pure  CO2  and  in  COg-containing 
mixtures. 

.Vhen  experimenting  with  the  contrac¬ 
tion  of  the  glow  discharge  during  the 
first  shot  by  adding  O2  and  CO  to  CO2 
we  have  found  the  following:  for  the  ra¬ 
tios  COq:  ©2=1:1  and  CO2:  C0=  1  :  1 
no  channel  formed  during  the  first  shot. 

Mixing  these  gases  in  the  proportion 
C02  :  CO  :  02  =  99-5  :  0.25  :  025  re¬ 
sulted  in  the  discharge  contraction  180  to  450  p.s  after  the  ignition  of  the  glow  discharg 
for  the  beam  current  density  range  of  0.6  to  60  A/cm2,  the  charging  voltage  of  12.8  kV, 
and  the  gap  spacing  of  0.7  cm. 


e-  See 


e-8e 


? am 
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Fig. 4  Pattern  of  a  discharge  glow  in 
atmospheric  pressure  nitrogen  at  1st 
and  20th  microsecond  j  =  70  A/cm2, 

=  45  ns. 


Fig. 5  Model  geometry 

.Ye  failed  to  explain  such  a  behavior  of 
the  discharge  with  the  help  of  known  mecha¬ 
nisms  of  discharge  instability.  Therefore, 
we  have  suggested  an  instability  mechanism 
which  involves  associative  ionization  ty¬ 
pical  for  carbon  oxidation.  A  simplified 
chain  of  plasmochemical  reaction  is  as 


Fig. 6  Time  formation  of  the  channel  as 
a  fuction  of  a  quasi-stationary  value  of 
E^/p  at  the  beam  current  density  6  A/cm2 
<T  =  2.5  ns  and  p  =  1  atm. 
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follows^ 1  : 


COp  +e  —  CO+O+e 
C02#  .—  CO  +0 
CO  (Vi)  +  CO  (  Vp)  -  C  +  COo 
0  +  e  -0  (TS)_+  e 

Op  +  e  —Op  )  +  e 

C  +  0  (IS  WCQ+  +  e 
C  +  Op  (A3  )  —  COp*  +  e 


04) 

05) 

06) 

07) 

08) 

09) 

(20) 


The  suggested  mechanism  will  be  most  prononced  in  the  region  of  an  enhanced  electric  fieLd 
e.g.,  in  the  vicinity  of  the  point  or  the  cathode  spot  (Fig. 5).  The  rate  of  the  channel 
growth  was  calculated  from  the  following  set  of  equations: 


s'  1331:3  53 

a/  i  =  eNi  •  V±/  E± 


(21) 

(22) 

(23) 


dN±/ dt  =  i=1-27  oi  =Kat  /A/  /B/ 

<  *  J*sKA  /A/  /B/  (24) 

7  (25) 

Here  Eqs.  (21-23)  are  similar  to  those  used  in12. 6 1 , 6  p,  ^3,  E-,  ,  Ep,  E3;  and  S,  ,  S?,  S, 
are  the  conductivities,  the  electric  fields,  and  the  cross-section  of  zone  I  ana  zonellf 
and  zone  III,  respectively,  p*  is  the  field  enhancement  factor  for  the  channel  tip  in 
zone  I  Vgv the  velocity  of  channel  growth;  i  -  the  period  for  which  the  electric  field 
in  zone  II  decreases  from  Ep  to  E^ ;  e-the  electric  charge;  the  concentration  of  the  i- 
type  particles;  the  drift  velocity  of  the  i-type  particles;  Z  aL,j-  the  rate  of  produc¬ 
tion  of  the  i-type  particles;  and  z^ik-the  rate  of  disappearance?’  of  the  i-type  par  - 
tides.  As  the  conductivity  <b  2  in  zone  II  increases  as  a  result  of  plasmochemical  re¬ 
actions,  the  electric  field  Ep  decreases.  As  02  becomes  equal  to  <5  1 ,  the  channel  ins¬ 
tantly  travels  to  a  distance  dv*  The  calculation  procedure  covered  27  equations  including 
115  plasmochemical  reactions.  The  electron-involved  reaction  constants  were  determined 
from  the  calculated  electron  velocity  distribution  by  the  numerical  integration  of  the 
steady-state  Boltzmann  equation.  Other  constants  were  taken  from  13-17. 

Figure  6  shows  the  calculated  and  the  experimental  time  of  channel  formation  as  a  fun¬ 
ction  of  E/p.  (1,2, 4  -  C02  :  GO  :  Op  =  99-,:  0.5  :  0.5;  3  -  COp  :  Op  :  CO  =  99  :  5  :  5 ;  2- 
Ka  =  10~10  cm3/  sec;  4  -  Ka  =  10  "  H  cnr/sec.  Ka  is  the  constant  of  the  associative  ioni¬ 
zation)  The  curves  demonstrate  good  qualitative  and  satisfactory  quantitative  agreement. 

We  tried  to  improve  energy  and  resource  characteristics  of  the  pulse-repetitive  sealed- 
off  TEA  C02  lasers,  first  of  all,  by  increasing  the  glow  discharge  stability.  This  was 
achieved  by  increasing  the  intensity  of  preliminary  ionization,  decreasing  the  pumping  du¬ 
ration  and  the  input  energy  in  the  near-electrode  regions,  and  by  using  electrodes  with 
good  emissive  properties.  To  improve  the  preliminary  ionization  we  have  suggested  a  sys¬ 
tem  based  on  a  sectionalized  diffusion-channel  discharge1®.  That  discharge  was  initiated 
between  the  main  electrode  and  a  sectionalized  auxilliary  electrode.  One  section  of  the 
auxilliary  electrode  consists  of  two  layers:  a  thin  metal  foil  and  a  thicker  dielectric 
substrate.  The  metal  foil  in  each  of  35  section  is  connected  to  an  individual  capacitor. 

35  capacitors  constitute  the  capacitor  C3  (Fig.  1b).  By  using  shadow  photography  and  a  cut 
off  discharge  method  it  has  been  found  that  from  4  to  8  diffusion  filaments  appear  per  5 
mm  section  length,  which  absorb  60%  of  the  energy  spent  for  preionization.  40  ns  later,  a 
high-conductivity  channel  with  the  electron  density  of  3  10lo  cm- 3  develops  along  one  of 
the  filaments. 

With  this  system  of  preionization,  stainless-steel  electrodes  and  a  glow  discharge  of 
duration  250  ns  we  measured  the  ultimate  number  of  shots  as  a  function  of  the  energy  intro¬ 
duced  into  the  mixture  COp  :  N2  :  He  =  1 :  1  :  8  at  atmospheric  pressure*  It  can  be  seen 
that  the  reduction  of  the  input  energy  by  a  factor  of  1.5  results  in  an  increase  an  the 
number  of  shots  by  three  orders  of  magnitude. 

We  account  for  this  relation  by  the  growth  of  the  amount  of  electronegative  oxides, 
such  as  NO,  NpO  and  others  which  diminish  the  electron  density  during  the  period  of  pre¬ 
liminary  ionization.  In  this  system,  long  operation  is  realized  at  comparatively  low  in¬ 
put  energies  of  80  to  90  J/l.  When  the  discherge  duration  was  shortened  to  20  ns  we  were 
able  to  increase  the  input  energy  to  250  J/l  in  long  operation, (1 06  shots)  which  we  acc¬ 
ount  for  by  a  more  stable  glow  discharge. 

The  specific  input  energy  and,  consequently,  the  radiation  energy  could  be  further  in¬ 
creased,  to  our  opinion,  by  decreasing  the  energy  dissipated  in  the  near-electrode  regi¬ 
ons  where  the  channel  is  known  to  origin.  One  of  the  approaches  to  solve  this  problem  is 
the  use  of  electrodes  with  good  emissive  properties. 

The  energy  dissipated  in  the  cathode  layer  can  be  found  by  solving  the  continuity  eq— 
uation  and  the  Poisson  equation  taking  into  account  the  emissive  properties  of  the  elect¬ 
rode1^.  The  calculation  has  shown  that  the  dissipated  energy  for  lanthanum-strontium  co- 
baltite(  work  function  2.5,  secondary  electron  emission  coefficient  0.2,  surface  average 
field  enhancement  factor  p,  =  24)  is  lower  by  a  factor  of  10  or  more  than  for  typical 
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electrode  materials  based  on  iron  or  nickel. 


Fig. 7  The  maximum  number  of  shots 
N  (1 )  and  maximum  excitation  pulse 
repetition  frequency  f  (2)  as  a 
function  input  energy.  Gas  mixture 
-CC>2:  N2  :  He  =  1  :  1  :  8.  Gas 
pressure  -  1  atm.  Discharge  pulse 
duration  -  250  ns ;  f  =  400  Hz 


Fig. 8  Output  laser  energy  as  a  func¬ 
tion  of  the  input  energy  for  metal 
(1)  and  perovskite  (2,3)  electrodes. 
Active  volume  -  0.5  x  0.5  x  35  cm; 
gas  mixture  COo  :  No  :  H2  =  5  :  5 :  1 ; 
pressure  -  1  atm;  (T,2)  U0  =  20  kV ; 
(3)  UQ  =  23  kV;  U0  is  the  charged 
voltage;  the  perovskite-La1  Sr  CoO^. 


The  effect  of  the  electrode  material  on  the  energetic  characteristics  was  investigated 
in  a  e-beam-sustained  laser  having  an  active  volume  of  0.5  x  0.5  x  35  cm3.  The  resonator 
was  formed  of  a  copper  mirror  with  a  curvature  radius  of  4  m  and  a  ZnSe  plane  mirror  with 
a  reflection  coefficient  of  65%.  The  velocity  of  pumping  of  the  gas  medium  through  the 
active  volume  was  20  m/s. 

Figure  8  shows  the  radiation  energy  as  a  function  of  the  energy  introduced  into  the 
gas  obtained  by  measuring  the  store  capacitance  C-)  ,  for  two  charging  voltages.  It  can  be 
seen  that  under  the  same  conditions  the  ultimate  energy  introduced  into  the  gas  with 
Lao. 3  Sr0.7  C0O0  electrodes  is  about  twice  as  many  as  that  with  stainless-steel  elect¬ 
rodes  (curves  and  2).  This  corroborate  the  supposition  that  the  space  discharge  beco¬ 
mes  more  stable  with  decreasing  the  energy  dissipated  in  the  near-electrode  regions. 

It  was  also  investigated  how  the  chemical  composition  of  the  gas  mixture  varies  during 
the  period  of  laser  operation.  It  was  found  that  the  use  of  perovskite  electrodes,  with¬ 
out  complement  heating  them,  fails  to  in  increase  essentially  the  rate  of  decomposition 
of  C02.  With  the  specific  input  energy  of  o.3  J/cm,  the  C02  content  in  the  working  gas 
mixture  becomes  as  stabilized  after  ~ 5  105  shots  on  the  level  of  60%  to  70%  of  its  ini¬ 
tial  value. 

Thus,  the  above-described  study  has  shown  that  the  pulse-repetitive  e-beam-sustained 
C02  laser  is  capable  of  operating  in  the  sealed-off  mode.  This  operation  has  some  specific 
features  which  are  also  discussed.  A  model  of  the  channel  growth  is  developed  and  a  che¬ 
mical  ionization  mechanism  of  instability  of  a  space  discharge  is  suggested.  The  condi¬ 
tions  under  which  the  energy  or  resource  characteristics  of  TEA  C02  lasers  can  be  impro¬ 
ved  are  demonstrated. 
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SOURCES  AND  TECHNIQUES  FOR  ULTRAFAST  PEEKING 

J.-C.  Diels 

Department  of  Physics  and  Astronomy 
The  University  of  New  Mexico 
Albuquerque,  New  Mexico  87131 

1 .  Introduction 

By  "Ultrafast  Peeking",  we  mean  having  a  quick  look  at  some  events,  "quick”  meaning 
here  with  picosecond  or  femtosecond  resolution.  A  logical  approach,  as  in  photography, 
would  be  to  use  a  shutter.  There  are  many  approaches  to  an  ultrafast  light  switch.  Some 
examples  of  mechanisms  used  are  the  optical  Kerr  effect  ,  sum  frequency  generation  type  II 
in  urea  - ,  and  nonlinear  interfaces  .  The  first  of  these  is  broadband,  but  requires  high 
optical  powers,  and  is  limited  in  speed  by  the  reorientation  time  of  the  molecules  used. 
Sum  frequency  generation  type  II  has  been  used  as  an  optical  gate  for  time  domain 
r e f lec t omet r y  ,  time  resolved  fluorescence  ,  and  three  dimensional  imaging  .  It 
combines  all  the  essential  characteristics  of  a  good  optical  gate,  namely: 

a)  high  contrast, 

b)  linearity, 

c)  low  noise. 

The  first  and  last  of  these  quality  factors  (a)  and  <~'  are  directly  related  to  the  quality 
of  the  nonlinear  crystal,  the  rejection  factor  of  oolarizer  used,  and  the  quality  of 
the  pulses  (absence  of  laser  signal  outside  the  "ga..  window".  The  transmission  of  the 
"open"  window  is  linear  in  signal  amplitude,  but  witn  a  sensitivity  proportional  to  the 
gating  pulse  intensity.  Clearly,  any  "ultrafast  shutter"  will  have  to  be  a  light  activated 
switch.  We  will  therefore  review  here  recent  progress  in  femtosecond  pulse  technology. 

2 .  Progress  in  Short  Pulse  Generation 


2.1.  Introduction 

There  is  little  difference  in  the  structure  of  the  linear  cavity  of  Dienes  e_t  a_l 
where  a  pulse  duration  of  0.6  ps  was  reported,  and  that  of  the  linear  cavity  of  Fork  et  a\ 

,  reporting  a  pulse  duration  of  32  fs.  The  main  progress  in  the  last  decade  has  been  in 

understanding  and  exploiting  the  mechanism  of  short  pulse  generation.  However,  despite 
claims  to  the  contrary  ,  we  are  still  far  from  a  global  understanding  of  the  operation  of 
the  mode-locked  dye  laser.  A  very  simple  theory  of  the  dye  laser  is  presented,  which 

includes  only  saturation  of  gain  and  absorber,  yet  can  explain  oscillatory  behavior  in  the 

pulse  train.  On  the  other  hand,  a  similar  oscillatory  behavior  of  the  pulse  train  can  be 
explained  by  taking  only  dispersive  effects  into  account,  and  neglecting  saturation.  A 
short  review  comparing  some  of  the  theories  and  the  approximations  involved  in  presented. 

2.2.  A  Simple  Model  Based  on  Saturation 


The  pulse  that  evolves  through  the  laser  cavity  is  shorter  than  the  energy  relaxation 
time  T]_  of  the  dyes,  and  longer  than  the  phase  relaxation  time  T2-  Therefore,  using  a 
simple  two-level  system  description,  the  time  evolution  of  the  population  difference  AN 
during  irradiation  by  a  pulse  of  intensity  I is  simply  given  by: 


dAN 

dt 


( i) 


where  *7^  is  the  saturation  energy  density  of  the  dye.  This  equation  can  be  complemented  by 
a  conservation  relation  stating  that  the  sum  of  the  electromagnetic  energy  density  W/S  (S 
being  the  cross-section  of  the  beam)  and  the  energy  stored  by  the  medium  is  conserved: 


d ( W/S ) 
dz 


(AN  -  ANq) 


h  cu 
2 


(2) 


Combining  equations  (1)  and  (2)  leads  to  a  simple  differential  equation  for  the  evolution 
of  the  pulse  energy.  This  equation  can  be  integrated  to  yield  a  simple  relation  between 
the  pulse  energy  W^  entering  the  medium  of  thickness  d,  and  the  energy  W2  of  the 
transmitted  pulse: 


1  -  e 


W  (  0  ) 
^  ] 


(  3) 
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In  Eq.  (3),  A  =c*oad  is  the  ( unsaturated)  optical  thickness  of  the  absorbing  medium.  This 
latter  equation  applied  to  the  absorbing  and  amplifying  media  can  be  used  to  find  the 
evolution  of  the  pulse  energy  over  a  round-trip  y: 


{  !  -  e  A  +  e  (A+sy)  }  =  {  1  -  e  G  +  e  (G+rx)  }  3 


(4) 


or 

Fft(y)  FG(x)  (5> 

In  Eq.  (4),  r  is  the  fraction  of  the  pulse  energy  coupled  back  into  the  cavity  after  each 
round-trip,  G  (=aoGd)  is  the  (unsaturated)  optical  thickness  of  the  gain  medium,  and 

S  '■f 

s  =  k  p3 (  6) 
ba  •>  a 

is  a  geometrical  and  physical  parameter  describing  the  ratio  of  the  saturation  energies  in 
the  absorbing  and  gain  media.  the  number  k  ranges  between  1  and  3,  the  larger  values 
corresponding  to  standing  wave  interaction  in  the  absorbing  medium.  x  and  y  are  the 
initial  and  final  energies  at  each  round-trip,  normalized  to  the  saturation  energy  density 
in  the  gain  medium.  Equation  (4)  can  be  solved  graphically  or  numerically.  For  any  value 
of  the  energy  x^,  the  energy  at  the  next  round-trip  is  y^  satisfying  FA(xi)  =  F^y^).  That 
value  y.  is  the  initial  energy  xi  +  1  at  the  next  round  trip.  This  procedure  leads  in  a 
stepwise  manner  to  a  stable  operation  point,  for  which  F»(x0)  =  FG(x0).  The  ratio  of  the 
derivatives  h  =  [f'a]  /[F'g]x  is  a  measure  of  the  stability  of  the  operation  point.  It 
is  worth  noting  that'  the  approach  presented  here  does  not  make  the  usual  approximation  that 
the  changes  of  energy  per  element  and  per  round  trip  is  negligibly  small  (compared  with  the 
pulse  energy).  The  output  pulse  energy  x0/(l-r)  as  well  as  the  stability  factor  rj  can  be 
computed  for  various  conditions  of  operation  (linear  gain,  absorption,  reflection 
coefficient  r,  "s  factor")  T 


An  interesting  refinement  of  this  model  is  to  include  losses  that  are  proportional  to 
the  energy  at  the  previous  round  trip.  such  losses  occur  because  the  energy  stored  in  the 
upper  levels  of  the  absorbing  transition  can  relax  in  a  few  ns  to  another  group  of  levels, 
which  can  absorb  energy  from  the  pulse  at  the  next  round  trip.  This  effect  can  be 


incorporated  in  the  model  by  introducing  a  reduced  cavity  feedback  r  =  r 0( 1  -  asx: 


where 


x,  is  the  energy  at  the  previous  round  trip,  and  a  a  proportionality  factor.  It  is  seen 
that,  under  high  gain  conditions,  the  inclusion  of  such  losses  leads  to  a  periodic 
oscillation  of  the  pulse  energy,  rather  than  a  steady  state  condition.  Figure  la  and  Fig. 
lb  show  typical  oscillations,  either  with  a  single  periodicity  (Fig.  la)  of  a  multiple 
periodicity  (Fig.  lb)  for  the  pulse  energy  versus  cavity  round-trip  index.  More  complex 
periodicities  than  those  in  Fig.  lb  evolve  when,  for  instance,  the  reflection  coefficient 
is  set  to  0.95,  and  the  gain  is  decreased  to  1.15  (from  1.2).  This  model  offers  one 
explanation  for  the  oscillations  in  the  pulse  train  that  have  been  observed  since  more  than 
a  decade  ^  ^  in  mnrip-lnrkpd  lasprs. 


J _ I _ L 

20  30  40 


0.5 

0.4  o> 


0.3 


C 

0) 


Figure  1  pulse  energy  versus  round-trip  index.  The  reflection  coefficient  is  r  =  0.9,  and 
the  optical  thickness  of  the  absorber  A  =  0.8.  The  other  parameters  are:  G  =  1.1,  s  =  15, 
a  =  0.)  (Fig  la,  left);  and  G  =  1.2,  s  =  20  and  a  =  0.2  (Fig.  lb,  right). 
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The  global  approach  offers  a  description,  rather  than  an  understanding  of  the 
operation  of  the  laser.  In  view  of  the  the  large  number  of  parameters  involved,  it  is  very 
difficult  to  assign  a  particular  function  to  any  of  them. 

There  are  still  physical  phenomena  and  modes  of  operation  excluded  from  the 
aforementioned  theories.  For  instance,  if  a  very  large  s  parameter  is  used  (very  small 
focal  spot  in  the  absorner),  it  is  possible  to  have  a  pulse  cor  responding  to  a  full  Rabi 
oscillation  in  the  absorber,  and  linear  gain  in  the  amplifier.  A  quantum  mechanical 
description  of  the  absorber  (with  counterpropagat ing  wave  interaction)  combined  with  a 
linear  gam  for  the  amplifier,  leads  to  off-resonance  steady  state  solutions  ® .  The 
solutions  are  hyperbolic  secant  shaped  (for  the  electric  field  amplitude)  with  an 
r.  yperboiic  secant  aowr.cr.  irp  above  resonance,  or  an  upchirp  below  resonance.  Similar 
coherent  solutions  have  been  predicted  in  computer  simulations  by  Rudolph  et  a_l,  in  the 
case  of  smaller  s  parameters.  This  type  of  operation  of  the  laser  is  particularly 
interesting,  since  if  corresponds  to  a  maximum  energy  extraction  from  the  gain  medium,  as 
well  as  minimum:  losses  from  the  absorber.  A  theoretical  effort  should  be  undertaken  to 
determine  ail  the  parameters  needed  to  synthesize  a  laser  operating  under  these  restricted, 
but  particularly  stable  and  efficient,  conditions.  However,  a  question  that  comes 
immediately  to  mind  is  whether  one  has  sufficient  control  over  the  experimental  parameters, 
as  for  instance  the  s  factor  defined  in  Eq.  (6). 

2.5.  Controlling  the  *s  parameter* 

The  effect  of  astigmatism  on  the  stability  range  of  a  cavity  is  more  drastic  than  is 
generally  realized .  Let  us  consider  the  idealized  simple  ring  cavity  sketched  in  Fig.  2. 


Figure  2 :  An  elementary  ring  cavity 

An  ABCD  matrix  calculation  on  this  cavity  shows,  in  the  ideal  case  of  0  =  0 1  a  stable 
region  for  24  <  d  <  25.25  mm.  As  the  angle  e  is  increased  however,  the  overlap  of  the 
stability  regions  in  the  sagittal  and  tangential  planes  decreases,  vanishing  even  for  0  > 
6°.  Astigmatism  being  cumulative,  one  would  expect  even  less  overlap  between  stability 
regions  in  the  sagittal  and  tangential  planes,  once  the  astigmatism  at  the  absorber  section 
is  included.  Detailed  calculations  show  however  that  common  intuition  fails  to 
assess  correctly  this  complex  situation.  The  astigmatism  of  one  part  of  a  cavity  can  be 
made  to  compensate  that  of  other  focusing  elements,  resulting  in  large  stability  regions 
and  large  variations  of  focal  spot  sizes  -  hence  s  factors  -  even  at  angles  exceeding  15  or 
20  °.  For  instance,  with  a  focal  spot  of  4  ym  radius  in  the  absorber  section  and  20  fim  in 
the  amplifier,  the  antiresonant  ring  laser  1  ,  with  angles  of  32°  and  16°  (at  the  gain  and 
absorber  sections,  respectively)  has  an  s  parameter  of  75.  Changes  in  cavity  parameters 
can  enhance  this  value  by  an  order  of  magnitude.  Similarly,  in  the  ring  laser,  complete 
analytical  and  numerical  calculations  carried  out  through  the  algebraic  manipulation 
language  "ACSYMA  show  a  range  of  variation  of  the  s  parameter  of  three  orders  of  magnitude, 
“he  range  of  variation  of  the  focal  spot  sizes  in  the  absorber  and  amplifier  jets  can  be 
extended  by  introducing  an  additional  curved  mirror  in  the  ring  cavity  (typical  radius  of 
curvature:  1  m )  .  The  ratio  of  focal  spots  in  the  absorber  and  amplifying  media  is  at 
most  unity  when  this  additional  mirror  is  located  close  (0.3  to  0.5  m)  to  the  absorber 
section.  This  same  ratio  can  exceed  1000,  with  focal  spots  in  the  absorber  jet  of  the 
order  o  f  1 0  n  it,  ,  when  this  additional  mirror  is  located  in  the  proximity  of  the  gain 
section  . 
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-.3.  The  Dispersive  Model 


The  previous  approach  neglected  phase  modulation  and  dispersive  effects,  which  become 
important  for  pulse  durations  shorter  than  500  fs.  It  is  possible  to  construct  a  model  for 
the  mode-locked  laser,  based  solely  on  phase  modulation  and  dispersion,  neglecting  even 
saiura:  i or. . 

As  a  light  pi:  .so  of  electric  field  E  traverses  a  transparent  medium  of  time  dependent 
index  of  refraction  r.v  t  i ,  its  amplitude  £  remains  unchanged,  but  its  phase  is  incremented 
by  wr.ltld  c,  where  cj  is  the  light  frequency,  d  is  the  thickness  of  medium  traversed,  and  c 
is  the  speed  of  light.  The  electric  field  of  the  transmitted  pulse  becomes  thus: 

E(  d,  t)=Eo£0,  t)exp{-igmn(t)d}  (7) 

Ar.  intensity  dependent  index  of  refraction  results  from  saturating  a  dye  off-resonance.  If 
the  radiation  is  sent  below  resonance  through  an  absorbing  dye  jet,  the  resulting  phase 
modulation  has  the  temporal  dependence  exp {-  /idt/^} ,  resulting  in  a  downchirp  during  the 
ra;or  portion  of  the  pulse.  such  a  type  of  frequency  modulation  dominates  in  lasers  with  a 
high  concent  rat  ion  of  saturable  absorber  (several  mM)  and  a  relatively  small  "s  factor" 
(typically  4!.  The  advantage  of  this  type  of  operation  is  that  the  dow.nchirped  pulse  can 
be  com. pressed  by  the  normal  (positive)  group  velocity  dispersion  of  a  single  prism  of 
glass.  It  is  possible  to  adjust  the  laser  for  either  a  bandwidth  limited,  of  a  linearly 
dcwr.chi  rped  output  *  ■" .  For  low  concentrations  of  saturable  absorber  and  a  large  "  s 
parameter"  however,  phase  modulation  due  to  the  Kerr  effect  dominates,  resulting  in  an 
upchirp  during  most  of  the  pulse.  Such  an  upchirped  pulse  can  be  very  efficiently 
compressed  by  negative  dispersion,  which  can  be  obtained  with  a  4  prism  sequence  .  The 
phase  modulation  due  to  saturation  below  resonance  of  the  dye  still  remains,  and  adds  to 
that  of  the  Kerr  effect.  This  complex  modulation  results  in  an  asymmetric  spectrum  of  the 
pulse.  However,  larger  compression  factors,  hence  shorter  pulses,  can  be  obtained  in  this 
mode  of  operation. 


Dispersion  can  be  mod-led  as  Lne  irequency  space  analogue  of  phase  modulation.  The 
phase  factor  of  the  Fourier  transform  of  the  optical  electric  field  is  modified  upon 
orooagat ion  through  a  transparent  medium  of  thickness  £  and  index  n{Q)  in  a  similar  way  as 
i  r.  (6): 

E  £ ,  Q)  =  E0  (  0  ,  3?  )  exp{-i~?n(42)  £  j  (  8  ) 

A  model  for  mode-locking  can  be  constructed  on  the  base  of  Eqs  (7)  and  (8)  only.  The 
approximations  made  are: 

a)  thin  medium,  in  order  to  expand  the  exponentials  to  first  order; 

b)  small  change  per  step  (hence  per  cavity  round  trip); 

c)  Kerr  effect  nonlinearity  in  (7),  n(t)  =  n0  +  n2£  , 

d)  quadratic  dispersion,  obtained  by  expanding  n(c)  to  second  order  in  a  . 

Combination  of  Eqs.  (7)  and  (8)  results  in  the  nonlinear  Schrodinger  equation  13,  which 
was  solved  by  Sakharov  and  Shabat  .  The  solutions  are  either  purely  stationary  (solitons 
of  first  order),  or  periodic  (solitons  of  order  n).  Salin  et  al  1  ^  have  made  the 
association  Detween  the  higher  order  soliton  solutions,  and  the  modulation  of  the  pulse 
train  envelope  observed  often  in  mode-locked  lasers  jt  iS  rather  intriguing  that  the 

two  diametrically  different  approaches  of  sections  2.2  and  2.3  lead  to  similar  conclusions . 

2.4.  Global  Approach 

It  is  clear  that  the  drastic  approximations  that  maae  the  approaches  taken  in  sections 
2.2  and  2.3  mathematically  elegant,  at  the  same  time  made  the  model  unrealistic.  More 
rigorous  approaches,  incorporating  both  dispersion  and  saturation,  have  been  made  prior  to 
the  ones  described  above.  Some  of  these  calculations,  and  general  features  of  the  results, 
are  summarized  in  table  1  below. 


TABLE  1 


j?ef.  Approx i nations 

Approach  particular  features 

Comments 

15  Small  changes,  cavity  roundtrip 

Parametric  fitting 

Coherent  effects 

Correct  lasing 

16  Perturbation  to  second  order 

of  sech  shaped  sol. 

Dispersion 

frequency  (no 

to  include  coherent  effects 

Saturat ion 

filter  included 

I  "  t»  n 

Numerical 

Periodic  oscillations 

Frequency  filter 

in  pulse  frequency 

tlumer  ica  1 

Noise  source 

and  energy 

large  changes  / 

Good  fit  for  the  laser 

1  . 

cavity  round  trip 

under  study 
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3 .  Single  Shot  Signal  Characterization 


e  X  C  6  r 


3  ; : .  p ..  r  p  o  se  of  developing  sources  of  ultrashort  laser  pulses  is  to  be  able  to 
1  v  e  fast  events  ;  r.  physics,  chemistry  or  biology.  in  a  typical  pump-probe 
-  ,  an  intense  "pump"  signal  is  used  to  excite  the  sample  under  investigation, 
subsequently  probed  by  a  weak  pulse  following  after  some  delay.  The  probe  pulse 
r  me  for  instance  the  complex  susceptibility  of  the  excited  medium,  by  measuring 
ade  and  phase  of  the  transmitted  and  reflected  signal.  Since  the  probe  can  only 
i  excited  material  after  the  pun.p  pulse  has  decayed  to  negligible  intensities 
to  the  prose',  such  a  technique  is  not  aoie  to  investigate  events  that  occur  in 
t  i.e.  within  the  pump  pulse  duration)  stages  of  the  excitation.  A  more  powerful 
df.srr  me  the  transient  susceptibility  of  a  sample  is  to  directly  measure,  in 
and  phase,  the  temporal  modification  of  the  excitation  pulse  in  reflection  and 
on.  Such  a  technique  has  recently  been  proposed  and  implemented  to  determine 
and  chirr  f  "he  output  of  an  ant i resonant  ring  dye  laser  *  9 '  ^  .  The  basic 
is  to  stretch  out  the  signal  to  be  measured  d v  an  operation  involving  a  known 
rune  t  i  o  r. .  Tr.e  original  signal  is  determined  by  applying  the  reverse 
t i  :  r.  tc  the  temporally  extended  signal,  the  latter  being  measured  t  hrough  cross  - 
r.  r  easurer  er.t  s  with  the  original  (shorter)  pulse. 


"stretching"  operation  is  propagation  through  glass,  which  causes 
e  to  be  broadened  by  normal  dispersion.  The  broader  pulse  is  cross- 
shorter  one.  The  intensity  cross-correlation  yields  infor  . at  ion  on  the 
the  signal,  while  its  phase  can  be  extracted  from  the  it  erferor.etnc 
The  basic  experimental  set-up  is  a  standard  interferometric 
r.  the  art  of  which  a  block  of  glass  (typically  b  to  10  cr  <  :  B Y~  or  SF 5 


The  accuracy  of  transient  transmission  measurements  will  be  affected  by  statistical 
:  1  uct  car  ;or.s  as  well  in  the  source  than  ip.  the  sample.  In  particular,  i c  laser  damage  is 
Induced  r.y  each  laser  puls®,  the  measurement  will  be  an  average  over  many  samples.  There 
is  i  r.  addition  a  significant  pulses  to  pulse  fluctuation  in  most  high  power  amplifiers. 
Therefore,  there  is  a  need  for  a  diagnostic  method  capable  of  capturing  the  amplitude  and 
prase  information  of  a  fs  signal  in  a  single  shot.  Gyuzaiian  et  al  z 1  have  used  the  spatial 
d :  st  r  i  c  ;  t  .  or.  the  seeped  harmonic  in  a  non-colinear  arrangement  to  determine  the  pulse 
duration.  Sal  in  et  a  1  i  ~  applied  this  method  to  the  measurement  of  femtosecond  pulses. 
Vr.  tort  ur.at  e  ly ,  this  method  provides  only  an  intensity  autocorrelation,  rather  than  a 
complete  pulse  characterization.  we  have  recently  proposed  a  single  shot  extension  of  the 
complete  characterization  method  previously  mentioned,  in  which  the  delay  parameter  is 
transferred  to  tr.e  transverse  dimension  of  the  beat:  “  .  in  the  sketch  of  Fig.  3,  such  a 
"transverse  delay"  is  represented  by  a  stepped  mirror.  Another  possibility  is  to  u,se  group 
Velocity  dispersion  ir.  a  prism,  as  used  in  the  autocorrelator  of  szabo  et  al.^,  or  a 
conn  mat  tor.  of  bet  n.  The  interferometric  aspect  of  the  crosscorrelation  is  obtained  by 
slightly  tilting  one  of  the  mirrors  of  the  interferometer.  The  spatial  recording  of  the 
second  harmonic  is  a  c r oss -cor  re  lat  ion  of  the  pulse  broadened  by  glass  with  a  reference 
pulse.  The  reconstruction  procedure  is  identical  to  the  one  used  for  the  cross-correlator 
using  a  mechanical  delay  line. 


Figure  3 
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INTRACAVITY  FREQUENCY  DOUBLING  IN  PASSIVELY  MODE-LOCKED  LASERS 

M.  C.  Downer,  Glenn  Focht,  Paul  Williams,  and  T,  R.  Zhang 
Physics  Department,  University  ofTexas  at  Austin,  Austin,  TX  787 1 2 


ABSTRACT:  We  constructed  a  quantitative  theoretical  model  of  an  intracavity  frequency  doubled  and  passively 
mode-locked  laser  and  efficiently  extracted  an  ultraviolet  femtosecond  pulse  train  of  milliwatt  average  power  and 
100  MHz  repetition  rate  from  a  colliding  pulse  mode-locked  dye  laser  by  intracavity  frequency  doubling  in 
KDP.The  ultraviolet  and  visible  outputs,  which  are  comparable  in  power  and  pulse  duration,  are  perfectly 
synchronized  with  each  other.  The  major  findings  are  that  for  second  harmonic  conversion  efficiencies  consistent 
with  continuing  laser  operation  1)  a  stable  mode-locking  regime  always  exists,  although  it  narrows  somewhat  with 
increasing  conversion  efficiency;  2)  the  duration  of  the  fundamental  pulses  can  always  be  preserved,  even  in  the 
femtosecond  time  domain,  by  re-adjusting  saturable  gain  and  saturable  loss  parameters;  3)  the  energy  of  the 
fundamental  pulses  can  also  be  preserved  under  the  same  conditions. 


Despite  extensive  developments  of  new  femtosecond  dye  lasers  operating  from  the  green  to  the  near  infrared,1  femtosecond  source  lasers 
in  the  blue  and  ultraviolet  have  been  lacking.  We  recently  demonstrated  experimentally2  that  the  simple  non-perturbative  technique  of 
intracavity  frequency  doubling  a  visible  wavelength,  passively  mode-locked,  femtosecond  dye  laser  could  produce  perfectly 
synchronized  femtosecond  ultraviolet  and  visible  pulse  trains,  each  at  100  MHz  repetition  ra'e  and  milliwatt  average  power.  Our 
theoretical  model3  shows  that  saturable  loss  and  gain  media  can  compensate  the  destabilizing  and  pulse  broadening  influence  of  an 
intracavity  frequency  doubling  crystal.  Furthermore,  our  model  defines  quantitatively  the  regimes  of  saturable  loss,  saturable  gain,  and 
second  harmonic  conversion  efficiency  in  which  stable  mode-locked  operation  is  possible,  as  well  as  the  effect  of  the  frequency  doubler 
on  pulse  duration  and  pulse  energy  within  the  stable  regime.  Our  results  suggest  that  stable  intracavity  frequency  doubled  operation,  with 
synchronized  ultraviolet  and  visible  outputs  of  comparable  power  and  pulse  duration,  should  be  generally  achievable  in  all  passively 
mode-locked  lasers  which  employ  saturable  gain  and  loss  media. 


Fig.  1(a)  depicts  the  essential  mechanisms  by  which  saturable  loss  and  gain  media,  having  relaxation  times  longer  than  the  pulse 
duration,  can  compensate  the  destabilizing  and  pulse  broadening  effect  of  an  intracavity  frequency  doubling.  The  intracavity  fundamental 
pulse  suffers  temporal  broadening  in  the  doubling  crystal  because  power  dependent  loss  of  second  harmonic  generation  selectively 
attenuates  the  peak  of  the  pulse.  Passage  through  a  saturable  absorber,  on  the  other  hand,  selectively  attenuates  and,  therefore,  sharpens 
the  leading  edge  of  the  pulse.  Analogously,  saturation  of  the  gain  then  sharpens  the  trailing  edge.  Appropriate  adjustment  of  absorber  and 
gain  saturation  levels  can,  therefore,  precisely  compensate  for  the  pulse  broadening  effect  caused  by  the  second  harmonic  generation  in 
the  doubling  crystal.  The  linear  dispersion  introduced  by  the  crystal  can  be  compensated  by  the  now  common  intracavity  prism 
configuration  for  negative  dispersion.  Also,  the  second  harmonic  pulses  are  broadened  because  of  group  velocity  walk-off  between  the 
fundamental  and  second  harmonic  pulses,  necessitating  a  thin  doubling  crystal  to  generate  short  ultraviolet  pulses.  However,  the  duration 
of  the  fundamental  pulse,  our  chief  concern,  is  unaffected  by  this  walk-off,  and  therefore,  was  not  considered  in  our  analysis. 

We  augmented  Haus'  modeH  of  a  passively  mode-locked  laser  with  a  slow  saturable  absorber  by  adding  a  frequency  doubling  element 
retaining  the  basic  assumption  that  the  intracavity  pulse  is  perturbed  only  modestly  upon  passing  through  each  intracavity  element.  Fig. 
1(b)  graphically  illustrates  the  results  of  our  model  for  the  stable  operating  region  as  a  function  of  saturable  loss,  q,  saturable  gain,  g(i), 
and  the  dimensionless  parameter  for  second  harmonic  conversion  efficiency,  y.  It  can  be  seen  from  this  figure  that  stable  operation  of  the 
laser  can  always  be  recovered  by  adjusting  the  gain  or  loss,  i.e.  adjusting  the  pump  power  or  intracavity  focus  into  the  saturable 
absorber.  Figure  2  shows  the  pulse  duration  and  energy  as  a  function  of  saturable  loss,  and  saturable  gain  for  three  different  values  of  the 
second  harmonic  conversion  efficiency.  The  points  labeled  A,  B,  and  C  all  correspond  to  the  same  points  on  the  figures  1(b),  2(a),  and 
2(b)  and  represent  stable  operating  conditions  at  0%,  1.2%,  and  2.4%  conversion  efficiency  with  a  pulse  duration  of  70  fs.  These  plots 
show  that  the  original  pulse  width  and  energy  can  also  always  be  recovered  by  a  suitable  readjustment  of  the  saturable  gain  and  loss 
parameters.This  was  confirmed  by  the  observation  of  the  laser  at  various  operating  conditions  within  the  regime  of  stability. 

We  obtained  efficient  ultraviolet  generation  l  y  utilizing  the  high  intracavity  power  of  the  fundamental  red  beam  appropriately  focused  into 
a  KDP  doubling  crystal.  Figure  3  is  a  schematic  of  the  subresonator  where  the  doubling  crystal  was  inserted  into  the  laser  cavity.  The 
crystal  was  cut  so  that  it  would  be  at  Brewster's  angle  when  tuned  to  the  type  one  phase  matching  angle  for  efficient  second  harmonic 
generation  and  would  Ke  thin  enough  (1  mm)  to  minimize  broadening  of  the  second  harmonic  pulses  caused  by  group  velocity  walk-off 
and  phase-matching  bandwidth  limitation.  The  ultraviolet  second  harmonic  is  extracted  from  the  resonant  cavity  by  a  dichroic  mirror 
coated  for  99%  reflectivity  at  620  nm  and  63  %  transmission  at  310  nm.  The  power  of  the  extracted  ultraviolet  beam  HmW)  is  sufficient 
to  be  easily  measured  with  a  calibrated  power  meter,  and  is  brightly  visible  on  a  surface  such  as  an  ordinary  business  card  which 
fluoresces  in  response  to  ultraviolet  illumination.  This  ease  of  observation  and  measurement  greatly  facilitates  experimental  alignment  of 
the  extracted  ultraviolet  beam. 

Figure  4  shows,  (a),  the  autocorrelation  traces  and,  (b),  the  spectral  profile  of  the  fundamental  red  pulse  with  (solid  lines)  and  without 
(dashed  lines)  the  doubling  crystal  inside  the  laser's  resonant  cavity.  With  a  second  harmonic  conversion  efficiency  of  approximately  0.3 
%.  the  fundamental's  pulse  width  was  completely  unmolested,  remaining  at  70  fs,  and  the  slight  difference  in  the  spectral  profile  is  due 
to  the  minor  readjustment  of  the  cavity  required  when  the  nonlinear  crystal  is  inserted.  Our  calculation  shows  that  a  conversion 
efficiencies  of  up  to  2%  should  be  achievable  while  still  maintaining  stable  operating  conditions. 


355 


References 


™.W.  French  and  J  R.  Taylor,  Ultrafast  Phenomena  V,  eds.  G.R,  Fleming  and  A.E.  Siegman,  (Springer- Verlag,  Berlin, 
G.  Focht  and  M.C.  Downer,  IEEE  J.  Quantum  Electron.,  24  (2),  431-434,  (1988). 

I.  R.  Zhang,  G.  Focht,  P.  E.  Williams,  and  M.  C.  Downer,  IEEE  J.  Quantum  Electron.,  24  (9),  pp.  1877-1883,  (1988) 
Hermann  A.  Haus.  IEEE  J.  Quantum  Electron.,  vol.  QE-11,  pp.  736-746,  Sept.  1975. 


356 


(a) 


v,(t)  V2(t)  V3(t)  v4(t) 


FREQUENCY  SATURABLE  SATURABLE 
DOUBLER  LOSS  GAIN 


(b) 


Fig.  1 .  (a)Changes  in  the  intracavity  pulse  envelope  upon  the  passage  through 
the  major  components  of  a  passively  mode-locked  laser  with  an  intracavity 
frequency  doubling  crystal. (b)The  stable  operating  regime  as  a  function  of 
saturable  loss,  q,  saturable  gain,  g(i),  and  the  dimensionless  parameter  for 
second  harmonic  conversion  efficiency,  y. 
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(a)  PULSE  DURATION  (fsec.) 


Fig.  2  Fundamental  pulse,  (a), duration  and,(b),  ener^y  as  a  function  of 
saturable  loss,  q,  saturable  gain,  g(i),  and  the  dimensionless  parameter  for 
second  harmonic  conversion  efficiency,  y. 


SHG  AUTOCOUELLATION 
INTEN  iiTY 


Fig.  3  Intracavity  frequency  doubling  subresonator  schematic. 


Fig.4.  (a)  Autocorrelation  trace  and,  (b),  spectral  profile,  with  (solid  lines) 
and  without  (dashed  lines)  the  intracavity  frequency  doubling  crystal. 
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Abstract 

Passively  mode  locked  c.w.  dye  lasers  now  represent  an  important  source  of  femtosecond 
optical  pulses  tunable  through  the  visible  and  near  infra  red  spectrum.  Pulses  as  short  as 
70fs  have  been  obtained  from  dispersion-optimised  CPM  cavity  configurations  using  active/ 
passive  dyes  other  than  the  standard  combination  of  Rhodamine  6G  and  DODCI.  Complex  pulse 
evolutions  have  been  studied  both  experimentally  and  using  a  numerical  simulation. 


Passive  mode  locking  is  firmly  established  as  a  powerful  and  reliable  technique  for  the 
generation  of  femtosecond  optical  pulses.  As  well  as  being  proven  capable  of  generating 
pulses  of  less  than  30fs  duration  [1]  in  dispersion  optimised  cavities,  it  has  the  advan¬ 
tages  of  high  ( > 100MHz )  and/or  variable  repetition  cate,  low  intecpulse  jitter  (<lps)  and 
non-ccitical  adjustment  of  cavity  length.  In  addition,  since  it  does  not  require  a  mode 
locked  pump  laser,  it  is  cheaper,  easier  and  potentially  more  tunable  than  its  synchro¬ 
nously  pumped  counterparts. 

Figure  1  shows  the  currently  reported  tuning  ranges  of  passively  mode  locked  c.w.  dye 
lasers.  Apart  from  the  original  Rhodamine  6G/D0DCI  system,  all  these  active/passive  dye 
combinations  have  been  developed  at  Impecial  College  [2-9].  It  should  be  noted  tnat  the 
Rnoda.nine  7G0/HITCI  and  DOTCI  systems  were  pumped  using  a  krypton  ion  laser  while  all  the 
c.ners  were  argon  ion  pumped  -  notably  the  Rhodamine  6G/sulphochodamine  101,  the  DCM/ 
Rnodamine  700  and  the  Pyriden  1/Rhodamine  800  energy  transfer  lasers.  This  technique  of 
using  an  argon  pumped  "donor"  dye  whose  fluorescence  band  overlaps  the  absorption  band  of  a.i 
"acceptor"  results  in  a  highly  efficient  dye  laser  [eg.  10]  and  thus  extends  the  tuning 
range  of  acgon  ion  pumped  systems  into  the  infra  red.  It  is  interesting  to  note  that  the 
results  obtained  from  the  passive  mode  locking  of  the  DCM/Rhodamine  700  energy  transfer  dye 
laser  [9]  were  superior,  in  terms  of  minimum  achieved  pulse  duration  and  amplitude 
tability,  compared  to  the  directly  drypton-puniped  Rhodamine  700  laser  of  reference  2.  The 
oumarin  102  laser  [8]  was  pumped  by  the  all  lines  u.v.  output  of  a  Spectra  Pnysics  model 
171  u.v.  enhanced  argon  ion  laser  and  the  Coumarin  6  laser  was  pumped  by  the  486nm  line. 

The  other  argon  ion  pumped  systems  employed  the  all-lines  visible  output  of  a  Spectra 
Physics  model  2020  laser. 
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Figure  1.  Currently  available  tuning  ranges  of  passively  mode  locked  c.w.  dye  lasers. 

Initially,  all  the  new  argon  ion  pumped  active/passive  dye  combinations  reported  here 
were  demonstrated  in  a  simple  linear  cavity  in  which  no  attempt  was  made  to  optimise  the 
intracavity  group  velocity  dispersion.  Pulse  durations  typically  around  250fs  were  obtained 
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Rhodamine  110,  mode  locked  with  HICI  and  DASBTI ,  was  examined  in  both  linear  and  CPM 
ring  configurations  [12]  which  incorporated  narrow  band  single-stack  dielectric  mirror 
coatings,  prism  pairs  and  no  standard  bandwidth-limiting  tuning  elements.  Optimisation  of 
the  intracavity  group  velocity  dispersion  was  facilitated  by  the  prism  pairs  (after  Fork  et 
al  [13])  and  by  adjusting  the  angle  of  incidence  to  the  narrow  band  dielectric  mirrors 
(see  eg.  14,  15).  This  latter  ad  jus. merit  also  permitted  some  control  of  the  laser  wave¬ 
length  since  tne  mircors  acted  as  "long  wavelength  cut-off  filtecs".  Figure  2  shows  two  of 
the  cavity  configurations  used. 
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of  figure  2(a),  transform-limited  pulses  of  120fs  duration  ware 
f  76°  and  an  HICI  concentration  of  10~^M.  In  this  instance  it  was 
ricted  the  laser  wavelength  or  contributed  to  the  intracavity 
rrors  all  being  used  near  normal  incidence.  It  was  found  that, 
ctral  control,  the  laser  wavelength  steadily  increased  witn 
ntration  and  pulses  of  duration  below  300fs  could  not  be 

re  obtained  from  the  configuration  shown  in  figure  2(b).  Here  the 
ributed  to  both  wavelength  restriction  and  intracavity  dispecsion. 
of  70fs  duration  were  obtained  at  573nm  with  up  to  60mW  total 
6 . 5W  pump  power  with  a  9ns  cavity  round  trip  time  and  angles  a,  b, 
ive.  Figure  3  shows  an  autocorrelation  trace  of  these  pulses  ana 
tocorrelat ion  trace  varied  as  the  intracavity  glass  path  was 
e  translation  of  one  of  the  prisms.  Figure  5  shows  the  variation 
rrelation  profile  with  intracavity  glasspath. 


'igure  4.  Evolution  of  autocorrelation  trace  as  intracavity  glass  path  is  decreased 
(a-1). 
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Tne  lack  of  a  strong  asymmetry  in  the  latter  figure  is  in  contrast  to  the  results  of 
V'aldmanis  et  al  [1]  as  is  the  observation  that  the  shortest  pulses  appear  to  be  obtained 
with  the  abosrber  at  the  focus  of  the  passive  folded  section.  It  appears  that  the  strong 
'stliton  shaping'  of  Martinez  et  al  [16]  is  not  dominant  in  this  laser.  With  more  intra¬ 
cavity  glass  path  than  that  which  yields  the  shortest  pulses,  a  triple  peaked  autocorrela¬ 
tion  trace  appears,  as  seen  in  fig. 4,  which  is  reminiscent  of  the  observations  of  'high 
order  as l icon  evolution'  by  Sal in  ec  al  [17].  Recent  theoretical  work  demonstrates  that 
these  observations  can  oe  simulated  by  a  numerical  model  incorporating  saturable  absorption 
anc  uain,  group  velocity  dispersion,  tne  optical  Kerr  effect  and  the  chirp  arising  from 
ciu.a  dependant  saturation  of  the  absorber.  A  detailed  account  of  the  experiment  and 
theoretical  results,  is  given  in  [18].  Figure  6  shows  the  theoretical  evolution  of  the 
autocorrelation  profile  (averaged  over  360  transits  to  simulate  the  integration  of  the  real 
autocorrelation)  as  the  intracavity  GVD  is  decreased  a  to  1  and  figure  7  shows  the  variation 
or  tne  Fa.-;/,  of  the  theoretical  autocorrelation  trace  with  intracavity  GVD.  The  qualitative 
agreement  Ditween  the  experimental  data  and  the  numerical  simulation  is  excellent  (see 
rei  ill]  tor  furtner  comparison)  and  it  suggests  the  following  points: 

1.  In  this  laser  there  are  no  higher  order  solitons  present  -  the  pulse  evolution  is  not 
governed  by  the  Nonlinear  Schrfiainger  equation  (NDS). 

2.  ine  shortest  pulses  obtained  are  t ransf orm- 1 imi ted  with  sech^  profiles.  (This  is  only 
generally  true  for  the  optimum  value  of  intracavity  GVD). 

_• .  The  glass  path  corresponding  to  zero  intracavity  GVD  can  be  determined  for  the 
experimental  laser  by  comparing  figures  4  and  6. 

4.  Ine  relative  strengths  of  the  frequency  chirping  processes  can  be  estimated  from  the 
parameter  adjustment  required  to  fit  figures  4  and  5  with  figures  6  and  7. 


Figure  6.  Theoretical  evolution  of  autocorrelation  trace  with  intracavity  GVD. 
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Figure  7.  Theoretical  variation  of  autocorrelation  FWHM  with  intracavity  G V D . 

Figure  8  shows  the  theoretical  pulse  evolution  corresponding  to  trace  o  of  figure  6 
(i.e.  zero  intracavity  GVD )  .  Though  periodic,  it  is  clearly  not  governed  by  the  MLS. 
Instead,  a  comoination  of  frequency  chirp  and  spectral  filtering  can  be  used  to  explain 
tnis  behaviour.  The  resultant  effect  of  the  self  phase  modulation  due  to  the  optical  Kerr 
effect  and  due  to  the  time-dependent  saturation  of  the  absorption  results  in  an  increase  in 
the  mean  carrier  frequency  of  the  pulse  on  each  round  trip.  This  means  that  the  pulse 
frequency  spectrum  gradually  'walks'  out  of  the  gain  profile  of  the  laser  and  the  energy  is 
correspondingly  reduced.  Consequently,  the  amplifier  is  progressively  less  fully  saturated 
and  the  undepleted  gain  then  amplifies  a  second  pulse  which  grows  from  noise  and  is,  in 
turn,  diminished  through  the  spectral  walk-off. 

Carefully  adjusting  the  parameters  of  the  numerical  model,  it  is  possible  to  see  high- 
order  oolitou-like  pulse  evolutions  such  as  shown  in  figure  9.  This  regime,  howe"  r,  is 
achieved  by  reducing  the  strength  of  the  passive  mode  locking  and,  consequently,  „ne  pulses 
are  significantly  longer  than  those  represented  by  trace  {i)  of  figure  7. 

Using  the  same  active/passive  dyes,  pulses  of  80fs  duration  were  obtained  from  a  similar 
cavity  in  which  the  prism  sequence  was  omitted  -  thus  only  the  dielectric  mirrors  were  used 
to  optimise  the  intracavity  dispersion.  With  the  DCM/Rhodamine  700  energy  transfer  mode 
locked  using  DDCI,  a  CPM  ring  cavity  was  constructed  which  yielded  transform  limited  pulses 
as  short  as  llOfs  duration  from  742nm  to  745nm  [9].  Again  the  prism  sequence  was  omitted 
and  so  both  the  laser  wavelength  and  intcacavity  dispersion  were  determined  by  the  angles 
of  incidence  at  the  cavity  mirrors. 

In  the  blue-green  spectral  region,  the  low  efficiencies  of  the  Coumarin  dyes  preclude  the 
use  of  "off-resonance"  dielectric  mirrors  to  tune  the  cavity  because  of  the  high  linear 
loss  entailed  in  such  a  scheme.  Instead,  a  CPM  cavity  based  on  the  design  by  Valdmanis  et 
al  [1]  was  adopted  where  an  aperture,  located  at  the  midpoint  of  the  prism  sequence,  was 
used  to  control  the  laser  wavelength.  This  is  shown  in  figure  10.  In  this  manner,  pulses 
as  short  as  93fs  were  generated.  At  ,’97nm,  assuming  the  standard  compression  factor  ot~  JT 
in  the  frequency  doubling,  pulses  of  65fs  duration  should  be  attainable  at248.5nm  with  a 
transform-limited  bandwidth  of  the  order  of  the  gain  linewidth  of  KrF  laser  amplifiers.  The 
spectral  region  from  200nm  to  400nm  should,  in  principle,  be  readily  accessible  through 
extracavity  or  intracavity  frequency  doubling  and  this  will  be  of  importance  for  molecular 
spectroscopy . 

In  conclusion,  passive  mode  locking  has  been  demonstrated  as  an  effective  technique  for 
generating  femtosecond  pulses  over  the  visible  and  near  infra  red  spectrum.  It  has  been 
shown  that  pulses  of  lOOfs  duration  are  obtainable  from  these  new  active/passive  dye 
combinations  when  used  in  lasers  with  appropriate  optimisation  of  the  intracavity  group 
velocity  dispersion.  Most,  if  not  all,  of  these  new  dye  combinations  should  yield  such 
short  pulses  and  it  is  highly  likely  that  the  preliminary  results  presented  here  will  be 
considerably  improved  upon.  All  of  these  dyes  will  also  work  in  synchronously  pumped, 
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Figure  10  CPM  ring  cavity  used  for  Coumarin  femtosecond  dye  lasers. 
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Abstract 

Two  transient  time -delayed  four- wave  mixing  experiments  have  been  performed  on  the  Na  D  doublet  and  modulations  of  1.9 
picoseconds  and  980  attoseconds  have  been  observed.  These  periods  correspond  to  the  difference  and  sum  frequencies  of  the  two  Na  D 
lines.  Both  experiments  were  performed  using  7  ns  pulses  of  light  with  frequency  components  at  each  of  the  D-line  transitions.  The  effects 
of  superposition-state  modulations  are  observed  in  the  integrated  TDFWM  signal  as  a  function  of  the  time  delay.  As  the  time  delay  is 
varied,  the  lowest  diffraction  order  mixing  signal  is  modulated.  Higher  diffraction  order  mixing  signals  contain  modulation  components  at 
integral  multiples  of  the  beat  frequency.  In  the  case  of  the  difference  frequency  beats  this  modulation  exists  even  for  delays  greater  than  the 
excitation  pulse  width.  This  work  thus  extends  photon-echo  modulation  spectroscopy  into  a  new  regime  to  study  coherences  between  states 
that  are  widely  separated  in  frequency  compared  with  the  bandwidth  of  the  exciting  laser  pulses. 


1.  Introduction 

Time-Delayed  Four-Wave  Mixing  (TDFWM)  experiments  can  yield  spectroscopic  and  relaxation  information  about  certain  physical 
systems.  In  this  paper  we  present  the  results  of  several  such  experiments  performed  in  sodium  vapor  using  pulsed  laser  excitation  sources. 
The  experiments  we  have  done  have  in  common  the  property  that  the  excitation  pulses  interact  with  more  than  one  transition  in  the  sample 
resulting  in  interferences  manifesting  themselves  as  modulations  in  the  TDFWM  signal.  Much  of  this  work  has  been  published. ’’2.3  jn  tf,js 
introduction  I  will  try  to  give  a  simple  overview  of  what  was  done  and  what  the  results  were.  A  brief  historical  survey  will  introduce  this 
overview  and  a  simple  physical  picture  for  interpreting  the  phenomena  will  follow.  In  Section  2  a  more  rigorous  theoretical  treatment  will 
be  given.  Several  predictions  from  this  treatment  have  been  verified  experimentally  and  these  results  will  be  presented  in  Section  3.  Section 
4  will  discuss  the  photon  echo  regime.  Photon  echoes  can  be  thought  of  as  four-wave  mixing  signals  produced  when  the  excitation  pulses 
do  not  overlap  in  time.  Section  5  will  discuss  possible  applications  of  the  techniques  we  have  developed.  The  concluding  section  will  try  to 
indicate  why  this  work  is  of  interest  to  the  burgeoning  fields  of  broadband-  and  ultrashort-  pulse  spectroscopy  even  though  our  excitation 
pulses  were  neither  broadband  nor  ultrashon. 

Overview  and  historical  survey 

Four-wave  mixing  is  a  process  that  involves  the 
interaction  of  four  light  fields.  It  is  nonlinear  in  that  it 
depends  on  the  third-order  susceptibility  There  are 
several  beam  geometries  in  common  usage.  One  that  is 
closely  related  to  our  setup  is  shown  in  Figure  1.1. 

Consider  the  beams  with  wavevectors  ki  and  k2  to  be 


incident  on  a  nonlinear  sample.  The  probe  beam  kp  then 


k  =  k  -  (k-,  -  k.) 


to..  = 


=  cop-(co2  -0),) 


ks  =  kp  +  (k2 


kl) 


(Os  =  cop  +  (co2  -CO,) 

Figure  1.1  Schematic  showing  a  general  four-wave  mixing  scheme. 


scatters  off  the  sample  producing  four-wave  mixing  signals 
with  wavevectors  ks  =  kp  ±  (ki  -  k2)  providing  the 
geometry  allows  for  phase  matching,  that  is.  that  the 
resulting  wavevector,  ks,  satisfies  lksl  =  cOj/c.  In  the 
geometry  illustrated  the  probe  field  has  been  made  coincident 
with  one  of  the  pump  fields.  If  we  let  the  field  with 
wavevector  k2  act  as  the  probe  field  (kp  =  k2)  this  results  in  the  signal  fields  being  emitted  in  the  k)  and  2k2  -  kj  directions.  The  field 
emitted  into  the  ki  direction  coincides  with  one  of  the  pump  fields  making  it  difficult  to  observe  whereas  the  field  emitted  into  the  2k2  -  ki 
direction  is  easily  distinguished  from  the  pump  fields  and  is  thus  the  signal  of  interest  in  practical  experiments.  In  general  there  are  three 

input  fields  and  one  emitted  signal  field  com¬ 
prising  the  four  fields.  In  this  geometry  there 
are  really  only  two  input  fields  and  from  the 
symmetry  of  this  geometry  there  are  two 
emitted  fields  of  interest,  those  in  the  2k2  -ki 
and  2kj  -  k2  directions.  We  note  that  phase 
matching  is  not  perfect  in  this  geometry,  but 
that  the  phase  mismatch  is  small  if  the  angle 
between  k]  and  k2  is  small.  Four- wave 
mixing  is  called  degenerate  when  all  four 
beams  have  the  same  frequency.  We  will  be 
considering  only  the  degenerate  case 
throughout  this  paper. 

The  first  observation  of  four-wave 
mixing  is  widely  attributed  to  Maker  and 
Terhune.4  It  is  interesting  to  note  that  the 
photon  echo,  a  type  four-wave  mixing  signal 
for  which  not  all  input  beams  are  coincident 
in  time,  was  observed  independently  by 
Hartmann  and  co- workers^-6  at  about  the 
same  time. 


Pulse  Separation  (pa) 


Figure  1.2  (a)  Experimentally  measured  signal  intensity  vs  excitation  pulse 
separation  in  a  10-cm-long  Na  cell  at  445  K.  (b)  A  portion  of  the  same  data,  for  pulse 
separations  of  50-100  ps,  with  error  bars  and  lines  connecting  the  data.  The  1.9  ps 
modulation  is  due  to  the  Na  3P  fine-structure  beating. 
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hour-wave  mixing  is  called  time-delayed  when  the  signal  is  monitored  as  a  function  of  a  time  delay,  x,  introduced  between  the  input 
pulses  (k  i  and  k2  in  f  igure  1.1).  This  is  sometimes  done  in  order  to  investigate  relaxation  processes  in  the  sample.  In  1985  we  did  an 
experiment  of  this  type1  in  which  we  observed  relaxation  induced  by  'he  incident  light  fields  as  well  as  from  Doppler  dephasing  in  a  gaseous 
sample.  Some  of  the  data  from  that  experiment  are  shown  in  Figure  1.2.  From  the  data  in  Figure  1.2a  the  Doppler  dephasing  time  T2*  and 
the  light-induced  relaxation  at  large  x  can  be  inferred.1  The  light  used  in  that  experiment  had  a  bandwidth  of  about  12A  which  explains  how 
such  short  relaxation  times  could  be  measured  using  7  ns  excitation  pulses.  A  "side-effect"  of  using  such  broadband  light  was  that  it 
interacted  w  ith  both  of  the  D-line  transitions  in  the  sodium  sample  resulting  in  interferences  that  were  observable  in  the  signal.  Figure  1.2b 
shows  a  blowup  of  the  same  data  in  Figure  1.2a  for  time  delays  in  the  50  to  100  ps  range.  The  interference  between  the  two  transitions  is 
clear  The  period  of  1.9  ps  corresponds  to  the  difference  frequency  of  the  D-lines. 

The  experiments  described  in  this  paper  took  their  starting  point  with  the  data  shown  in  Figure  1.2b.  That  is,  we  explore  here  this 
"side-effect"  modulation  of  the  TDFWM  signal.  The  first  experiment  we  did  was  to  replace  the  broadband  source  with  a  source  that  had 
frequency  components  just  at  the  two  D-line  frequencies.  This  resulted  in  a  modulated  TDFWM  signal  as  before.  These  could  perhaps  be 
thought  of  as  eight-wave  mixing  experiments,  but  1  think  they  are  better  thought  of  as  two  four-wave  mixing  experiments  being  performed 
simultaneously  on  different  transitions.  It  is  interesting  to  note  that  at  essentially  the  same  time  that  we  did  these  experiments,  two  other 
groups  also  observed  beating  at  the  difference  frequency  between  the  D-lines  in  sodium.7'8 

Faster  beats  can  be  obtained  by  performing  this  experiment  on  two  transitions  with  a  larger  difference  frequency  in  order  to  obtain  a 
faster  beat.  Mossberg  and  co-workers  did  a  similar  experiment  with  broadband  light  on  the  D-lines  in  rubidium  resulting  in  a  beat  with  a 
period  of  139  fs.“  To  produce  still  faster  beats  becomes  difficult  due  the  large  frequency  differences  necessary.  However,  by  changing  the 
geometry  of  the  excitation  beams  a  modulation  at  the  sum-frequency  of  the  two  transitions  can  be  generated.  We  again  worked  on  the  D- 
lines  in  sodium  and  this  time  obtained  a  beat  with  a  period  of  980  as  (attoseconds). 

The  phenomena  described  above  can  be  understood  in  terms  of  a  simple  picture  involving  gratings. 

Grating  analysis 

Four-wave  mixing  can  be  thought  of  as  a  scattering  process  in  which  two  incident  fields  form  a  population  grating  in  a  sample  and  a 
third  field  is  scattered  off  this  grating.  In  our  experiments  the  third  field  is  self-same  with  one  of  the  two  incident  fields.  To  understand  the 
origin  of  the  grating  one  merely  has  to  calculate  the  intensity  of  the  incident  fields  in  the  sample.  The  input  fields  can  be  written: 

E  -  £0[cos(  co  t  -  k  j*r)  +  cos(  co(  t  -  z)  -  k  2*r)] 

„„  r  /  rx  Vs  1  TVs  ml 

=  2  £0t-'os[  £1)^  1  —  ■yj  —  — 2 — •  rJcos[ — j — * r  — 2~J 

(1.1) 

where  x  is  the  amount  by  which  the  k?  beam  has  been  delayed  with 
respect  to  the  ki  beam.  The  resulting  intensity  distribution  (averaged 
over  an  optical  period)  in  the  sample  is: 

I  =  £0[l  +  cos((k2-k]).r-  cur)]  ^  2)  Figure  1.3  Diagram  showing  showing  scattering  from  a  grating. 

Thus  an  intensity  grating  is  formed  in  the  sample.  This  produces  a  population  grating  with  spacing  d=2tx/lk2  -k|l.  Defining  the  angle 
between  kj  and  ks  as  0  this  grating  scatters  the  beam  with  wavevector  k2  by  an  angle  n9  (for  scattering  order  n).  This  is  easily  seen  from  a 
simple  diffraction  grating  analysis;  we  refer  to  Figure  1.3.  Constructive  interference  of  light  scattered  from  adjacent  planes  requires  d|  -  d2 

=  n)..  If  the  angles  are  small,  as  they  are  in  our  experiments,  this  reduces  to  d((y  +  0n  )  -  -)  =  nA.  Since  d  =  -  we  have  0n  =  n0  as  stated 
above. 

When  four-wave  mixing  is  done  on  two  transitions  simultaneously  two  gratings  are  formed.  If  one  imposes  the  geometry  (k2  -k  j)  = 
±(k'2  -k'  1 )  then  the  gratings  formed  have  the  same  spacing  but  are  offset  with  respect  to  each  other  by  a  distance,  s,  obtained  from  Aon/2;t 
=  s/  d  where  Aco  is  the  difference  or  sum  of  the  two  transition  frequencies  depending  on  whether  k2  -kj  is  chosen  to  be  plus  or  minus  k’2  - 
k'i .  It  is  now  easy  to  visualize  what  is  happening  in  the  two  geometries.  When  k2  is  delayed  with  respect  to  k]  the  grating  formed  by 
those  two  beams  simply  scans  in  the  k2  -  k)  direction.  In  both  geometries  when  x  =  0  the  gratings  overlap  and  light  scatters  from  both 
gratings  in  phase  leading  to  constructive  interference.  However,  as  x  is  increased  the  two  gratings  move  and  become  displaced  from  each 
other.  When  one  grating  is  displaced  a  distance  s  =d/2  with  respect  to  the  other  there  is  total  destructive  interference  of  the  scattered  waves. 
Thus  as  x  is  varied  there  is  a  modulation  of  the  scattered  light.  The  frequency  of  modulation  depends  on  the  geometry.  In  the  (k2  -kj)  = 

(k'2  -k'i)  geometry  as  x  is  varied  both  gratings  move  in  the  same  direction  but  at  slightly  different  rates.  This  leads  to  a  vernier  type  effect 
resulting  in  modulation  at  the  difference-frequency  of  the  transitions.  In  the  (k2  -kj)  =  -(k'2  -k'i)  geometry  the  gratings  move  in  opposite 
directions  as  x  is  varied  leading  to  a  sum-frequency  modulation.  To  be  slightly  more  rigorous  consider  a  wave  scattering  off  adjacent 
gratings  displaced  by  s.  The  two  scattered  waves  have  a  relative  phase  shift  of  AO  =2its0nA.  Using  the  relations  from  the  previous 
paragraph  we  have  AO  =  n  Aco  x.  As  a  result,  modulations  are  expected  in  the  interfering  four-wave  mixing  signals  as  a  function  of  x.  This 
simplified  analysis  is  correct  only  for  n=l  where  it  includes  all  scattering  pathways.  The  correct  expression  for  the  modulation  behavior  for 
all  n  is  obtained  by  directly  calculating  the  induced  polarization  from  a  step  function  excitation  field  of  the  form  of  Eq.  1.1.  This  will  be 
done  in  Section  2. 

2.  Theory  of  Time-Delayed  Four-Wave  Mixing 

The  grating  analysis  presented  in  Section  1  provides  a  visual  picture  that  allows  an  intuitive  grasp  of  the  modulation  phenomenon.  We  turn 
now  to  a  rigorous  calculation  of  the  field  emitted  by  the  sample  when  it  is  excited  by  prompt  and  delayed  input  fields.  We  model  the  sample 
as  a  three-level  system  with  dipole  transitions  at  £2  and  £2’  as  shown  in  Figure  2.1.  Assume  that  all  the  fields,  prompt  and  delayed,  are 
"turned  on"  at  time  t=0.  Consider  input  fields  with  wavevectors  ki  and  k2  at  frequency  £2  and  fields  with  wavevectors  k’i  and  k'2  at 
frequency  £2’.  Each  wavevector  can  contain  both  prompt  and  delayed  fields.  Assuming  the  excitation  fields  are  single  mode  and  exactly  on 
resonance  with  the  atomic  transitions,  and  neglecting  relaxation  effects  within  the  sample  the  Hamiltonian  for  this  system  is: 
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where  Dr  =  pE  is  the  Rabi  frequency  of  the  dipole  interaction  coupling  of  the  1  and  2  levels,  ki  and 

ki  are  wavevectors  at  frequency  D  ( k  =  D/c  =  Ittfk ),  and  <t>j  and  <)>2  are  arbitrary  phase  factors. 

The  quantities  eip,  eia,  e2p,  and  e2d  are  either  0  or  1  depending  on  whether  that  field  is  present  in  a 
particular  experiment.  The  corresponding  quantities  relating  to  the  1-3  transition  are  primed.  The 
Schrddinger  equation: 
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Fig.  2.1  Simple  3-level  system 
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can  be  solved  in  the  rotating  wave  approximation.  One  finds 
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and  a'  has  the  same  form  as  a  except  with  all  relevant  quantities  are  primed.  The  polarization  of  the  sample  is: 
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Thus  the  polarization  of  the  sample  is  obtained  in  closed  form,  exact  in  the  rotating  wave  approximation. 
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where  again  la’I2  has  the  same  form  except  with  all  relevant  quantities  primed.  Eq.  2.5  is  the  general  result  for  the  macroscopic  polarization 

of  the  sample  given  the  excitation  implicit  in  Eq.  2.1. 

We  next  consider  the  explicit  geometries  that  give  the  sum-  and  difference-frequency  modulation,  followed  by  the  scheme  in  which 
only  beams  of  one  frequency  are  used. 
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Sum-  and  Difference-Frequency  Geometries 
To  obtain  the  sum-  and  difference-frequency 
geometries  described  in  Section  1  we  set: 


e.  .  =  e,  =  e\  .  =  e' ,  =  0  .... 

Id  2  p  1  d  Ip  (2.6) 

Note  that  this  makes  for  the  useful  mnemonic  that  the 
wavevectors  subscripted  1  are  prompt  and  those  subscripted 
2  are  delayed.  Also,  let  k'21  =  ±^21-  As  we  will  see  the  “+” 
will  yield  difference-frequency  modulation  and  the  sum- 
frequency  modulation.  Possible  ways  to  impose  the 
geometries  k'21  =  ±k2i  are  shown  in  Figure  2.2.  For  these 
parameters  the  polarization  of  Eq.  2.5  gives: 


Figure  2.2  Possible  ways  to  impose  the  geometries  k’2i  =  ±k2j.  Note 
that  the  angles  between  the  wavevectors  are  typically  chosen  to  be  a  few 
milliradians  and  have  been  exaggerated  here  for  the  sake  of  clarity. 
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We  are  interested  in  the  four-wave  mixing  signals  at  Q  and  O'  that  are  emitted  in  the  directions  k2  +  nk2i  and  k’2  +  nk'21, 
respectively,  where  n  (n  >  0)  indicates  the  diffraction  order  of  the  emitted  signals.  Our  goal  is  to  extract  those  components  of  if  t)  as  given 
in  Eq.  2.7.  For  simplicity  (and  because  our  results  do  not  deviate  significantly  from  these  predictions)  we  begin  by  restricting  ourselves  to 
the  small  pulse  area  limit  ORtp  «  1,  where  tp  is  the  duration  of  the  pulses.  We  will  later  consider  arbitrary  pulse  areas  and  explore  the  limit 
of  large  pulse  areas. 

Small  Pulse  Area  Limit  In  the  small  pulse  area  limit  the  term  sin(2At)  in  Eq.  2.7  can  be  expanded  and  the  series  truncated  after  the 
lowest  contributing  ierm.  We  make  the  simplifying  assumption  that  the  pulse  intensities  have  been  adjusted  to  make  Or  =  O'r.  This  yields 
the  maximum  modulation  depth  and  makes  the  calculation  much  simpler.  One  finds  that  to  lowest  perturbation  order  the  polarization  of  the 
sample  phased  to  radiate  at  O  in  the  k2  +  nk2i  direction  is: 


2  n+1 

*«<'■  )  =  Tsin[a'-  T)-(k2  +  k2,),r^2^iTir±  «( 21*  ^2l)]x  (  "  1}"  (ITToT 


(2.8) 


A  similar  result  can  be  obtained  for  the  polarization  phased  to  radiate  at  O’  in  the  k’2  +  nk'21  direction.  From  this  polarization  of  the 
sample  the  average  intensity  emitted  into  the  four-wave  mixing  signal  can  be  calculated.  We  assume  that  O  »  Or  and  thus  the  average 
over  the  optical  frequency  is  trivial. 


2/i+l 


(2.9) 


Of  particular  interest  is  the  dependence  on  t  which  is: 

=  { i1  +  cos(( tx  D)z  -  ( 0  21  +  *,,))]} 


(2.10) 


Thus  we  see  that  the  dependence  on  x  is  a  simple  harmonic  for  the  first  diffraction  order.  For  higher  orders  the  modulation  pattern  narrows. 
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General  Case.  To  obtain  the  polarization  phased  to  radiate  at  £2  in  the  k2  +  nk2i  direction  for  arbitrary  pulse  area,  £2Rtp,  we  again 
expand  the  sin(2At)  of  Equation  2.7  but  now  we  retain  all  terms  in  the  expansion.  This  is  somewhat  tricky  but  we  find  that  the  polarization 
phased  to  radiate  at  £2  in  the  k2  +  nk2i  (n>0)  directions  is: 

'Ar)=  y-TsinJ^i  -(k.,  +  nk21)*r+  0(  +  (  n  +  1)  r±  (  n+  1  )(02]±  ^2l)}'")  j 

+  sin[a,-  r)-(k2+  «k21).r+  <t>2  +  ”^f^T±  "(^21±  ^2l)}  -)„} 


where  we  have  defined 


(...)  =  (  cos(|n|0) 


(2.11) 


sin^2I2Rt  1  +  /3_  cos  0 


,  vi+/v°s0  /. 

We  note  that  the  first  tenn  of  Eq.  2.1 1  was  inadvertently  omitted  in  Ref.  3.  Finally,  we  calculate  the  average  intensity  assuming  £2  »  £2r: 


<n~T-&n(»dt  =  (y)  Yf-  +2cos[-^f-0  }...,  (...)  +(..)2 

P  0  PO  "+l  L  z  J  n+l  n  n 


(2.12) 


In  the  small  pulse  area  limit  (-)n+i  « (-)B  and  it  is  easy  to  verify  that  this  result  simplifies  to  Equation  2.9.  The  integral  can  be 
approximated  in  the  large  pulse  area  limit  by  a  Jo  Bessel  function  as  we  shall  see  below.  However,  in  general  the  integral  is  intractable 
except  to  numerical  (computer)  analysis. 

Single  Transition  TDFWM 

We  investigate  now  the  sum-frequency  geometry  described  above  in  the  case  where  £2'  -a  £2.  One  might  think  that  modulation  would 
be  obtained  at  2£2.  This,  however,  is  not  the  case;  the  modulation  is  at  just  £2.  The  polarization  of  the  sample  for  this  geometry  is  governed 
by  Equation  2.5  without  the  primed  components.  This  yields: 


‘P(t)=  pf2R(sin[ii  -ki*r+  0J  +  sin ^£2(r  -  r)  -k^r  +  0J 


sin  2  Ar 


+  sin££2t  -  k  .,*r  +  +  sin  £  £2(  t  -  r)  -  k  2*r  +  02J)  x  — 


with 


(2.13) 


2  2 

(2  A)  =(2£2r)  (1  +  cos  £2r)(l  +  cos(k2]«r  -  021)) 

Working  as  before,  the  polarization  phased  to  radiate  in  the  k2  +  nk2i  directions  can  be  calculated  in  the  perturbation  limit : 

2n+l 

_  ,  ,  r  „/  r\  „  ,1  ,  „nv  fl+cos  Qx\ 

■PnU)  =  p sin[£2(r-  2)-(k2+k2))T+  02  +  /.021Jx(-l)  f)y- ( - j - J 

Thus  the  dependence  on  x  of  the  intensity  emitted  into  the  k2  +  nk2i  direction  can  be  calculated  to  be: 

2 


(2.14) 


I 


=  2l 


(2Qr‘P) 


2  rt-t-1 


(2  n  +  2)1 


'  1  +  cos  Qt  \ 
2  ) 


2n+\ 


(2.15) 


This  shows  that  the  modulation  is  at  £2,  not  at  2£2  as  might  at  first  be  thought,  and  that  the  beats  narrow  quickly  as  one  proceeds  to  higher 
diffraction  order. 


3.  Experiments 


Apparatus 

AH  the  experiments  we  will  describe  were  performed  in  Na  vapor.  Sodium  was  chosen  solely  for  convenience;  it  has  two  strong 
transitions  in  the  yellow  region  of  the  spectrum  at  589.0  and  589.6  nm.  This  is  very  near  the  peak  output  of  a  dye  laser  using  Rhodamine 
6G  dye  which  is  one  of  the  easiest  dyes  with  which  to  work. 

The  fact  that  the  transitions  are  relatively  close  -  they  differ  by  one  part  in  a  thousand  -  implies  another  simplification  in  the  experiment. 
Recall  that  for  the  difference-  and  sum- frequency  experiments  we  want  to  impose  the  geometries  k2i  =  ±k’21-  These  conditions  can  be 
satisfied  to  within  the  beam  divergence  by  setting  ki  II  k'i  and  k2  II  k'2  or  vice  versa.  This  can  be  seen  by  observing  that  the  minimum 
angular  separation  of  the  primed  and  unprimed  wavevectors  imposed  solely  by  the  condition  k2i  =  ±k’2i  is  A8  =(A-Aj  0/A  which 
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for  our  experiment,  where  0  =  1  mrad,  is  A0  =  I0~A  Since 
this  is  much  smaller  than  the  3  x  10' 5  beam  divergence  in  the 
interaction  region  the  error  introduced  by  our  making  the 
primed  and  unprimed  wavevectors  parallel  is  negligible.  As  a 
consequence  of  the  geometry  k  i  Ilk']  and  k2  II  k'2  or  vice 
versa,  the  diffracted  light  at  C2  is  emitted  in  the  same  directions 
as  that  at  Q'.  Thus  one  can  consider  the  possibility  of 
interference  between  diffracted  light  at  the  two  optical 
frequencies.  However,  as  can  be  seen  from  Equation  2.5  the 
light  at  fl  and  O.  is  modulated  the  same  way  so  that  it  doesn't 
make  a  difference  in  our  experiments  whether  we  detect  the 
four-wave  mixing  signal  at  Q,  D‘,  or  both  together. 

The  experimental  apparatus  is  shown  in  Figure  3.1.  The 
dye  lasers  were  home-built  and  of  the  Littman  design.  They 
were  pumped  by  the  second  harmonic  of  a  Q-switched 
Nd:YAG  laser  ar.d  produced  pulses  7  ns  in  duration  at  589.6 
and  589.0  nm,  the  wavelengths  of  the  sodium  3S  W2  -  3Pj/2 
and  3S  i /2  -  3P3/2  transitions,  respectively.  Each  laser 
operated  in  4  to  5  longitudinal  modes  yielding  an  overall  laser 
bandwidth  of  about  5  GHz.  Although  not  shown  in  the 
schematics  of  the  apparatus  the  outputs  of  the  dye  lasers  were 
spatially  filtered  and  amplified  to  produce  spatially  clean  beams. 
The  amplification  process  also  helped  to  reduce  shot  to  shot 
amplitude  fluctuations  in  the  outputs  as  their  gain  was  driven 
into  sanitation. 

The  sodium  was  contained  in  a  heat  pipe  which  was 
operated  simply  as  an  oven.  The  pipe  was  evacuated  to  <5 
mtorr  and  the  temperature  adjusted  to  vary  the  vapor  pressure. 
The  cell  had  an  actual  length  of  750  mm  but  an  effective  length 
of  approximately  100  mm  since  only  the  center  of  the  pipe  was 
heated. 

The  angle  between  the  excitation  pulses  in  the  two 
directions,  k]  and  k2,  was  typically  set  to  be  1  mrad  and  was 
always  in  the  range  of  .3  to  2  mrad.  The  four-wave  mixing 
signals  were  separated  from  the  excitation  pulses  by  spatial 
filtering.  A  pinhole  in  the  focal  plane  of  a  lens,  with  a  focal 
length  of  either  300  or  450  mm,  passed  the  TDFWM  signal  in 
the  phase  matched  k2  +  nk2i  direction  while  blocking  the 
excitation  pulses.  The  signal  was  detected  with  either  an 
EG&G  FND-100  photodiode  or  an  RCA  C31034 


(a) 


(b) 

Figure  3. 1  (a)  Schematic  diagram  of  the  experimental  apparatus  used 
to  generate  difference-frequency  TDFWM  (for  n=l).  Mirror  Ml  is 
mounted  on  a  precision  translation  stage  which  provides  variable 
relative  delays  of  up  to  1  ns  in  increments  of  <100  fs.  Mirror  M2  can 
be  repositioned  to  obtain  large  offset  delays,  (b)  Schematic  diagram 
of  the  apparatus  used  to  generate  sum-frequency  beats  in  TDFWM. 
Mirror  Ml  is  mounted  on  a  precision  translation  stage  which  provides 
for  variable  relative  delays  of  up  to  30  fs  in  increments  of  <100  as. 
The  delay  was  calibrated  with  a  HeNe  interferometer.  M2  is  a  comer 
cube  which  displaces  each  beam  so  that  it  combines  at  the  beam 
splitter  with  the  beam  of  the  other  frequency. 


photomultiplier  tube.  In  all  cases  the  signal  was  integrated  over  its  full  7  nsec  duration  using  a  gated  integrator  with  a  gate  width  of  30  ns. 
The  integrated  signal  was  digitized  and  fed  into  a  computer  which  averaged  the  data  for  each  setting  of  T.  The  entire  experiment  was 
automated  with  the  computer  generating  the  delays  and  taking  data  as  a  function  of  the  delay  with  the  results  being  plotted  in  real  time  on  a 
video  display  terminal. 


DIFFERENCE  FREQUENCY  EXPERIMENTS 

Figure  3.  la  shows  the  set  up  for  the  difference-frequency  experiment.  Here  the  dye  laser  outputs  were  combined  to  produce  a  double- 
frequency  pulse  which  was  split  and  then  recombined  with  a  variable  relative  delay  to  provide  two  double-frequency  pulses  directed  along 
k]  and  k2-  In  a  typical  run  the  TDFWM  signal  was  monitored  as  the  relative  delay  was  varied  by  stepping  the  position  of  mirror  Ml.  The 
result  of  such  a  run  is  shown  in  Fig.  3.2.  In  this  particular  run  a  spectrometer  was  used  to  look  at  just  the  589.0  nm  component  of  the 
signal.  Similar  results  were  obtained  when  we  looked  at  just  the  589.6  nm  component  or  when  no  spectrometer  was  used  and  both 
transitions  were  viewed  simultaneously.  This  is  in  agreement  with  the  results  of  Section  2.  The  depth  of  modulation  is  less  than  would  be 
expected  from  theory  due  to  the  imperfect  spatial  overlap  of  the  excitation  pulses  in  the  sample  and  the  difficulty  in  setting  Or=D'r 
precisely.  We  have  taken  data  in  the  range  of  delays  from  minus  a  few  hundred  psec  to  +30  nsec.  The  data  taken  with  delays  near  30  ns 
will  be  discussed  further  in  Section  4.  All  traces  are  essentially  the  same  in  that  they  exhibit  1 .9  psec  modulation. 


Figure  3.2  TDFWM  signal  intensity  vs  pulse  delay  at  589.0  nm.  Figure  3.3  Data  taken  in  the  difference-frequency  geometry  showing 

the  narrowing  of  the  modulation  in  a  high  diffraction  order  (n=4). 
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We  also  experimentally  observed  the  narrowing  of  the  modulation  pattern  predicted  in  Equation  2.10.  Figure  3.3  shows  data  taken 
when  all  the  light  emitted  into  the  ki  +  4ki|  direction  was  detected.  Superimposed  on  the  data  is  the  theoretical  prediction  of  Equation  2.10 
modified  by  the  addition  of  a  background  intensity. 

Scjm  frequency  experiments 

Figure  3.  lb  shows  the  sum-frequency 
apparatus  which  is  the  same  as  the  difference- 
frequency  setup  except  for  the  beam  splitting  and 
recombination  elements.  Here  the  dye-laser  outputs 
were  split  and  recombined  to  provide  two  double- 
frequency  pulses  in  such  a  way  that  the  589.0  nra 
component  was  delayed  by  t  in  one  beam  and  the 
other  frequency  component  delayed  by  the  same 
amount  in  the  other  beam.  Note  that  in  this 
geometry  the  vibrational  stability  of  the  optical 
elements  is  far  more  critical  than  in  the  difference- 
frequency  case.  Since  the  delays  introduced  in  the 
two  beams  must  be  stable  relative  to  the  period  of 
the  modulation,  the  relative  positions  of  the 
beamsplitter,  comercube,  and  translating  mirror 
shown  in  Fig.  3.1b  had  to  be  stable  to  much  better 
than  an  optical  wavelength;  this  portion  of  the 
apparatus  had  also  to  be  enclosed  to  prevent  the 
effect  of  air  currents  from  changing  the  effective 
delay. 

The  first  diffraction  order  sum-frequency  signal  presented  in  Figure  3.4  as  a  function  of  x  is  a  simple  sinusoid  as  would  be  predicted 
in  the  low  pulse  area  limit  of  Eq.  2.10.  We  found  agreement  even  though  the  excitation  pulses  were  not  in  the  small  pulse  area  limit.  We 
have  not  observed  any  of  the  predicted  narrowing  of  the  modulation  signal  that  is  expected  with  the  multiple  k  excitations  with  which  we 
worked.  Nor  have  we  seen  the  narrowing  of  the  peaks  and  flattening  of  the  valleys  expected  from  Eq.  2. 10  when  the  sum-frequency 
signals  are  scattered  into  higher  orders  (n>l).  We  believe  that  both  these  experiments  are  sensitive  to  vibrational  instabilities  in  our 
apparatus  which  average  out  the  higher  harmonic  frequencies. 

The  observation  of  modulation  narrowing  at  high  scattering  order  in  the  difference-frequency  geometry  supports  our  suspicion  that 
vibrational  instabilities  prevented  the  observation  of  such  narrowing  in  the  sum  frequency  mode.  Our  continued  inability  to  observe 
modulation  narrowing  with  large  excitation  pulse  areas  remains  unresolved.  One  possible  explanation  may  lie  in  the  fact  that  our 
experiments  have  all  been  done  with  optically  thick  samples  whose  optical  densities  were  in  the  range  of  10  to  100.  All  our  analysis 
assumes  optically  thin  samples.  The  optically  thick  regime  is  complicated  and  we  worked  there  in  order  obtain  signals  which  we  could 
differentiate  from  the  noise. 

Single-transition  experiments 

Sum  frequency  beat  observation  depends  on  the  simultaneous  excitation  of  two  distinct  transitions  sharing  a  common  ground  state. 
The  analysis  of  Section  2  respects  this  restriction  and  does  not  allow  the  limit  ST  — >  £T,  with  both  lasers  tuned  to  the  same  transition.  The 
expected  result  in  this  degenerate  case  is  that  the  modulation  in  the  TDFWM  signal  would  have  the  period  of  the  optical  frequency  S2,  as  in 
interferometry,  and  not  2S2.  This  is  most  easily  understood  via  the  simple  induced  grating  analysis  by  including  the  (previously)  moving 
grating  component  due  to  the  product  of  the  fields  at  S2  and  ST.  We  looked  carefully  for  the  sum  frequency  beat  using  a  single  laser  whose 
output  was  split  to  serve  as  a  double  source.  Working  this  way  we  saw  only  the  resonant  beats  and  not  the  sum  frequency  beats.  We  did 
however  observe  the  narrowing  predicted  by  Eq.  2.15.  We  did  not  look  at  the  higher  diffraction  order  rignals  which  we  calculate  should 

n  i  fn  +  1 

narrow  according  to  /n  «  I  y  +  ^  cos  (Six)  j  similar  to  the  case  of  the  sum  frequency  beats. 

4.  Photon  Echo  Modulation 

We  now  consider  the  photon  echo  regime  in  which  the  excitation  pulses  are  well  separated.  We  believe  that  echoes  are  observable 
with  both  the  sum-  and  difference-frequency  geometries.  However,  in  order  to  see  sum-frequency  modulation  in  an  echo  signal  the  pulse 
durations  must  be  short  compared  to  the  inhomogeneous  dephasing  time  T2*.  This  is  because  the  modulation  occurs  as  a  result  of  an 
interference  between  a  photon  echo  process  and  a  free  decay  process.  In  sodium,  in  the  temperature  range  in  which  we  worked  T2*  is  about 
100  ps.  Thus,  since  our  excitation  pulses  were  7  ns  in  duration,  we  have  only  observed  difference-frequency  modulation. 

To  understand  the  origin  of  the  modulation  in  echo  signals  we  can  use  the  billiard  ball  model  of  coherent  transients  in  gasses.  This 
will  be  presented  in  the  next  section.  We  defer  to  Section  5  a  discussion  of  the  Doppler-free  nature  of  the  beats  in  the  difference-frequency 
modulation  of  echoes  and  how  this  could  be  used  as  a  high-resolution  spectroscopic  technique. 

Theory  -  Billiard  Ball  Model 

The  billiard  ball  model  was  developed  to  provide  a  simple  way  to  analyze  photon  echo  type  phenomena.  It  has  been  discussed  in 
some  detail  in  a  number  of  papers.10-1  'T2  We  use  it  here  to  analyze  the  modulation  of  echoes  in  both  the  difference-  and  sum-frequency 
geometries. 

The  billiard  ball  diagram  for  the  difference-frequency  geometry  is  shown  in  Figure  4.1.  One  begins  with  an  atom  at  rest  in  its  ground 
state.  At  t=0,  the  prompt  excitation  pulses  at  Q  and  IT  interact  with  the  atom  giving  the  atom  some  probability  of  being  found  in  either  of 
the  two  excited  states.  If  the  atom  is  excited,  then  it  will  have  absorbed  a  photon  and  thus  its  momentum  and  will  recoil  with  a  velocity 
hk/2ttm.  Such  absorption  of  the  two  frequencies  is  indicated  on  the  diagram  by  the  dashed  and  dot-dashed  lines.  Their  slopes  differ  by  one 
part  in  a  thousand  for  the  D-lines  in  sodium.  The  difference  in  slope  is  exaggerated  here  for  the  sake  of  clarity  in  the  figure.  Thus,  each  of 
the  three  lines  propagating  from  t=0  represents  the  amplitude  of  the  atom  being  in  a  particular  state.  The  state  of  the  atom  is  then  the  sum  of 
those  amplitudes.  The  billiard  ball  model  gives  rules  for  calculating  populations  and  coherences  from  such  a  diagram  but  they  are  not  of 
concern  here.  The  relevant  thing  here  is  that  the  two  excited  state  amplitudes  have  time-developments  associated  with  them.  The  effect  of 


Figure  3.4  Typical  set  of  data  for  the  sum-frequency  geometry  showing 
signal  intensity  vs  relative  pulse  delay.  The  x-axis  has  an  arbitrary  offset 
with  respect  to  absolute  zero  relative  delay.  The  sodium  vapor  was  held  ai 
a  temperature  of  470  K. 
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the  second  pulse  is  to  generate  two  more  recoiling  excited  state  amplitudes  from  the 
ground  state,  and  to  generate  a  ground  state  amplitude  from  each  of  the  recoiling 
excited  states.  This  results  in  four  crossings  of  the  amplitudes  near  t  =  2x.  Each  of 
these  crossings  represents  an  echo  being  emitted.  The  two  echoes  produced  by  the 
dashed  line  crossing  the  two  displaced  ground  states  are  emitted  at  Q'.  The  echo  is 
modulated  because  the  population  in  the  two  displaced  ground  states  is  in  fact 
modulated.  Considenng  the  two  displaced  ground  states  as  one,  the  associated 
amplitude  is  gotten  by  adding  the  amplitudes  of  the  two  ground  states: 

e~ ,iir  +  e~  T  =  e  2  T  cos  (  —  r) 

The  population  in  this  displaced  ground  state  is  then  just: 


jcos(  -  ->-  r)j  =  4(1  +  cos(  Q-  f2)r] 


Figure  4. 1  Billiard  Ball  diagram  for  difference- 
(4-2)  frequency  geometry. 


This  is  the  same  modulation  as  was  obtained  in  Section  2. 

In  the  case  of  the  sum-frequency  geometry  the  situation  is  not  quite  so  simple  and  we  will  not  discuss  the  billiard  ball  analysis  here. 
Suffice  it  to  say  that  the  same  dependence  on  t  is  obtained  as  was  found  in  Section  2  for  four-wave  mixing  signals  where  all  the  pulses 
overlap  in  time. 

Experiment 

As  mentioned  above  we  have  performed  echo  experiments  only  in  the  difference  frequency  geometry.  With  a  pulse  separation  of 
approximately  20  ns,  obtained  by  displacing  the  mirror  labelled  M2  in  Figure  3.  la,  the  integrated  echo  intensity  was  measured  as  a  function 
of  delay.  The  data  is  essentially  the  same  as  shown  in  Fig.  3.2  except  that  the  modulation  depth  has  decreased  by  a  factor  of  three  or  four 
from  the  data  taken  in  the  four-wave  mixing  regime.  This  degradation  is  not  inherent  in  the  technique  but  rather  is  caused  by  jitter  in  T  due 
to  mechanical  vibrations  of  the  optics.  We  note  that  the  beating  lasts  much  longer  than  the  few  hundred  picosecond  coherence  time  of  the 
lasers. 


5.  POSSIBLE  APPLICATIONS 

An  obvious  application  of  the  modulation  phenomena  described  in  this  dissertation  is  in  spectroscopy,  that  is  in  studying  transition 
frequencies.  With  the  use  of  a  calibrated  delay  the  sum  and  difference  frequencies  of  two  transitions  can  be  measured  and  from  these  the 
absolute  transition  frequencies  can  be  determined.  For  this  technique  to  be  of  practical  use  it  must  provide  frequency  information  which  is 
sub-Doppler.  For  this  to  be  the  case  the  modulation  frequency  must  depend  only  on  the  transition  frequencies  and  not  on  the  velocity  of  the 
atoms  in  the  sample.  As  has  been  shown2  this  is  the  case  for  the  difference-frequency  beats  which  can  be  observed  well  into  the  photon 
echo  regime.  Echoes  can  be  observed  many  lifetimes  after  the  initial  excitation  and  thus  the  energy  level  splitting  should  be  measurable  to 
very  high  precision.  In  the  sum-frequency  case  the  maximum  pulse  separation  is  determined  by  the  Doppler-dephasing  time  which  severely 
limits  spectroscopic  applications. 

Sum-frequency  beat  TDFWM  could  find  application  in  a  position  transducer.  Using  the  first  order  signal,  a  device  similar  to  a  laser 
interferometer  distance  encoder  could  be  constructed  with  the  advantage  that  roughly  twice  the  number  of  fringes  would  be  observed  for  a 
given  translation.  Presumably  such  a  device  would  use  CW  lasers  allowing  a  long  coherence  length  and  thus  the  ability  to  measure 
correspondingly  long  distances.  The  spikes  in  a  higher  order  signal  would  lend  themselves  to  positioning  devices  which  step  in  precise 
equally  spaced  increments. 


6.  CONCLUSION 

In  summary,  the  new  phenomena  of  sum-  and  difference-frequency  beats  in  four-wave  mixing  experiments  has  been  documented  and 
their  origin  explained.  By  extension,  the  presence  of  beats  in  the  TDFWM  signal  has  been  shown  to  depend  critically  on  the  excitation  beam 
geometry  and  to  provide  spectroscopic  information  of  a  varied  but  well  defined  character.  As  faster  processes  are  studied  broader  bandwidth 
excitations  will  be  used  which  will  in  turn  couple  multiple  transitions,  resulting  in  complex  signal  modulations.  Sum  and  difference 
frequency  geometries  may  be  separately  employed  to  untangle  confusing  spectroscopic  details.  Lastly  we  note  that  the  existence  of  sum 
frequency  beats  and  their  narrowing  with  scattering  order  and  excitation  intensity  may  allow  development  of  more  accurate  position 
transducers. 

This  work  was  supported  by  the  U.  S.  Office  of  Naval  Research  and  by  the  Joint  Services  Electronics  Program  (U.  S.  Army,  U.  S. 
Navy,  U.  S.  Air  Force)  under  Contract  No.  DAAG29-85-K-0049. 
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NEAR  DIFFRACTION  LIMITED  FOCUSING  AND  BLUE  SHIFTING  OF  MILLIJOULE 
FEMTOSECOND  PULSES  IN  GAS  BREAKDOWN  AND  SOLID  STATE  PLASMAS 


Wm.  M.  Wood,  Glenn  Focht,  D.H.  l^eitze,  T.R.  Zhang,  M.C.  Downer 
Physics  Department,  University  of  Texas  at  Austin,  Austin,  TX  78712 


Abstract:  We  present  a  femtosecond  dye  amplifier  system  with  a  novel  final  amplification  stage 
which  allows  us  to  achieve  extremely  tight  focusing  of  the  output  beam,  and  therefore  reach  intensities 
unattainable  previously  in  the  femtosecond  regime.  We  use  these  pulses  to  generate  gas  and  solid 
state  breakdown  plasmas,  and  observe  the  associated  blue  shift  in  the  pulse  bandwidth,  consistent 
with  the  Drude  model. 


Amplification  of  femtosecond  pulses  to  millijoule  and  higher  energies  has  opened  up  the  study  of  the  interaction  of  matter  with 
radiation  fields  of  unprecedented  intensity.  The  output  of  high  power  femtosecond  amplifiers,  however,  often  suffers  from  poor 
transverse  beam  quality  and  limited  focusability  caused  by  severe  phase  front  distortion  during  the  amplification  process.  We  have 
constructed  a  high  power  dye  amplifier  pumped  bv  a  Q-switched  Nd:  YAG  laser  which  achieves  near  diffraction-limited  focusing  of  100 
fs  millijoule  pulses  without  any  spatial  filtering,  f  The  peak  intensity  at  our  tightest  focus  (~2  pm  radius)  exceeds  K)16  W/cm*.  where 
breakdown  of  air  and  other  gases  at  pressures  of  1-10  atm  is  easily  observed. 


Critical  to  achieving  this  result  was  a  final  stage  gain  cell  of  conical  axicon  geometry,2  as  shown  in  Fig.  1 .  The  first  three  stages  (not 
shown)  use  standard  transversely  pumped  gain  cells  to  pre-amplify  femtosecond  pulses  from  a  CPM  to  -  0.1  mJ  at  a  10  Hz  repetition 
rate.  These  pulses  are  then  expanded  to  1  cm  diameter  and  injected  into  the  gain  region  of  the  axicon,  an  8  cm  long  cylindrical  flow  tube 
containing  Rh640  centered  on  the  axis  of  a  solid  glass  cone.  Incident  to  the  base  of  the  cone  and  expanded  to  match  its  8  cm  radius, 
counter-propagating  220  mJ,  532  nm  pump  pulses  internally  reflect  from  the  sides  and  enter  the  gain  medium  at  radial  incidence,  thereby 
maximizing  pump  absorption  efficiency,  Gaussian  beam  quality,  and  focusability.1'2  Figure  2  shows  measurements  of  transmission  of 
the  beam  focused  at  f/2  through  a  3  pm  pinhole  translated  in  1  pm  steps  across  the  beam  waist,  and  demonstrates  the  extremely  tight 
focusability  of  millijoule  femtosecond  pulses  amplified  in  such  a  cell.  While  a  slight  degradation  in  focusability  occurs  in  the  pre¬ 
amplification  stages,  the  axicon  cell  preserves  focusability  perfectly. 

We  have  shown  that  millijoule  femtosecond  pulses  can  be  focused  to  spot  radii  as  small  as  2  microns  when  amplified  in  a  "conical 
axicon"  cell,  thus  creating  peak  intensities  of  10  petawatts  (PW)/cm2.3  We  now  use  this  source  to  generate  dense  gas  breakdown 
plasmas  in  the  strong  field,4  collisionless  limit  while  using  the  plasma  response  on  the  light  field  in  the  form  of  blue  shifts  and 
defocusing  as  diagnostics  to  characterize  the  femtosecond  ionization  process. 5  Such  diagnostics  are  compatible  with  a  wide  range  of  gas 
pressures. 

Figure  3  shows  how  the  blue  shift  of  90  fs  pulses  increases  with  light  intensity  after  focusing  at  f/2  through  a  breakdown  spark  in  1 
atm.  neon.  Numerous  observations  support  the  dominance  of  plasma  generation,  and  the  weakness  of  X<3>  effects,  in  producing  this 
•shift:  the  similarity  of  the  blue  shifts  in  different  gases  (neon,  air,-5  helium,  argon  at  1  atm.)  having  third  order  hyperpolarizabilities 
which  vary  by  more  than  a  factor  of  20;6  correlation  of  these  blue  shifts  with  appearance  of  a  breakdown  spark;  correlation  with  beam 
defocusing  caused  by  the  plasma's  lower  refractive  index;  the  consistent  absence  of  any  red-shifted  spectral  components  (in  contrast  to 
spectral  broadening  observed  by  others7'8  in  the  absence  of  gas  breakdown);  the  absence  of  supercontinuum  generation  from  intense 
femtosecond  excitation  of  neon  up  to  40  atm  in  previous  studies;8  the  absence  of  self-focusing  or  filamentation  under  breakdown 
conditions.  The  blue  shift  is  caused  by  the  ultrafast  negative  refractive  index  change  when  a  plasma  is  created  during  the  pulse.  The 
temporal  asymmetry  of  the  index  change  is  strong  with  femtosecond  pulses,  since  electrons  neither  recombine  nor  escape  from  the  focal 
region  during  the  pulse,  thus  eliminating  a  compensating  red  shift,  seen  with  longer  pulses,  when  the  index  recovers.-1’  According  to  a 
Drude  model  the  blue  shift  can  be  approximated  as:  5 


A X  =  (  X 3  e2  /  27tmc3 )  d/dt  jL  N(x)  dx 


(1) 


where  N(x)  is  the  plasma  density  along  the  propagation  direction  x,  and  the  interaction  length  L  is  approximately  the  confocal  beam 
parameter.  The  blue  shift  in  neon  increases  steadily  up  to  our  highest  intensity  (10  PW/cm2),  rather  than  saturating  because  of  complete 
single  ionization  within  the  focal  volume  at  2  PW/cm2,  as  observed  in  air.3  This  difference  may  result  from  the  lower  ionization  potential 
of  nitrogen  and  oxygen  compared  to  neon.  Figure  4  shows  a  blue  shift  caused  by  1  pJ  90  fs  pulses  generating  a  dense  (~102(!  cm  -1) 
electron-hole  plasma  in  sapphire  by  three-photon  absorption  when  focused  at  f/10  into  a  1  mm.  sample.  In  contrast  to  the  gases,  there  is 
an  accompanying  red-shifted  feature.  Nevertheless  the  resulting  spectra  are  accurately  fit  by  combining  plasma  effects  described  by 
Eq.  1  with  self-phase  modulation  resulting  from  the  third  order  hyperpolarizability,  as  shown  by  the  dots  in  Fig.  4. 

Figures  5  and  6  show  other  characteristics  of  the  blue-shifted  pulses.  Figure  5  shows  the  defocusing  which  accompanies  blue 
shifting,  manifested  as  an  increased  beam  divergence  angle.  This  effect  is  strongest  in  sapphire  because  of  the  high  plasma  density  and 
long  interaction  length  used.  In  other  solids  this  effect  has  been  used  for  optical  limiting.9  In  gases  at  1  atm  with  f/2  focus,  plasma 
defocusing  causes  a  30%  increase  in  divergence  angle  which  can  be  correlated  quantitatively  with  the  blue  shift.  The  blue  shifted  beam 
thus  maintains  sufficiently  good  beam  quality  to  be  useful  spectroscopically.  The  autocorrelation  traces  in  Fig.  6  demonstrate  that  the 
glass  f/2  focusing  optics  cause  10%  temporal  broadening  of  low  intensity  pulses  (no  plasma  formed),  and  that  at  high  intensity  the 
ionization  process  causes  no  further  measurable  broadening.  As  gas  pressure  increases  above  1  atm  we  observe  only  a  slight  further 
increase  in  blue  shift,  as  shown  by  the  blue  shifted  neon  spectra  in  Fig.  7.  The  saturation  of  the  blue  shift  at  2  to  3  atm  probably  results 
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from  increased  defivusing  caused  by  the  higher  plasma  density  in  the  interaction  region.  Consequently  focal  spot  size  is  increased  and 

peak  :n;et'.sit\  reduced. 

The  behav  tor  ot  ureon  at  5  atm.  contrasts  strongly  with  other  gases  we  have  studied.  Just  above  threshold  the  blue  shift  behaves  as 
in  other  gases,  and  is  well  explained  by  Tq.  1.  At  an  intensity  near  10  PW/cnC,  however,  we  observe  a  sudden  spectral  broadening, 
ruth  components  blue  shifted  well  beyond  those  observed  in  other  gases,  as  shown  in  Tig.  8.  The  transmitted  light  contains  yellow, 
green,  and  even  blue  components  visible  to  the  naked  eye,  although  still  no  components  which  are  red-shifted  from  the  original  pulse 
spectrum.  Onset  of  double  ionization,  for  which  the  threshold  is  lower  in  the  heavy  rare  gases,  may  cause  an  increase  in  the  rate  of 
change  of  plasma  density  dN/dt.  and  may  thus  be  partly  explain  the  sudden  spectral  change.  However,  the  absence  of  increased 
defivusing  isee  data  for  5  atm.  argon  in  Tig.  hi.  as  expected  from  increased  plasma  density,  together  with  the  pressure  dependence  of  the 
effect,  suggest  the  role  of  self  phase  modulation  in  the  argon  plasma. 

Htghlv  foe  usable  femtosecond  pulses  from  an  axieon  amplifier  provide  a  powerful  new  tool  in  ultrahigh  intensity  spectroscopy.  The 
blue  shifts  observed  here  may  he  related  to  red  shifted  photoelectron  energies  observed  in  recent  above  threshold  ionization  (ATI) 
experiments.1"  TKnamic  collisionless  absorption  in  plasmas,  important  when  electron  acceleration  in  strong  light  fields  bee  unes 
relanustic.  mas  be  observable  with  such  pulses.1 1  (anally,  dm  source  should  be  useful  in  generating  picosecond  soft  X-ray  pulses  at 

nohic  metal  surfaces,  1  - 
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Fig.  1  Final  stage  geometry  for  the  femtosecond  axicon  dye  cell  amplifier. 

Fig.  2  Beam  waist  profile  of  unamplified  CPM  output  (bottom  curve),  pre-amplified 
output  prior  to  axicon  cell  (middle  curve),  and  fully  amplified  output  from  axicon  cell,  all 
at  focus  of  a  7x  microscope  objective. 

Fig. 3  Spectra  of  90  fs.  pulses  transmitted  through  neon  breakdown  spark,  with  focal 
intensity  increasing  toward  the  front  in  increments  of  0.2  optical  density.  Successive 
curves  have  been  displaced  from  each  other  in  an  exact  vertical  direction  to  emphasize 
blue  shift  as  intensity  increases. 

Fig.  4  Spectra  of  90  fs.  pulses  after  generating  a  dense  electron-hole  plasma  in  sapphire 
by  a  three-photon  absorption  process.  Note  blue  shift  accompanied  by  a  weaker 
red-shifted  feature.  Dots  represent  a  theoretical  fit . 
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Fig.  5  Defocusing  vs.  peak  focal  intensity  for  sapphire,  1  atm.  argon,  and  5  atm.  argon. 
The  filled  square  and  circle  denote  the  first  appearance  of  a  breakdown  spark 

Fig.  6  Autocorrelation  traces  of  unfocused  millijoule  pulses  (lower  trace),  pulses  after 
focusing  at  f/2  in  air  by  7x  microscope  objective  and  recollimation,  but  attenuated  to 
avoid  breakdown  spark  (middle  trace),  and  full  intensity  pulses  after  focusing  at  f/2 
through  intense  breakdown  spark  and  recollimation  (upper  trace).  Cited  pulse  durations 
assume  sech2  pulse  shape 

Fig.  7  Blue  shifted  spectra  at  10  PW/cm2  focal  intensity  for  5  pressures  of  neon, 
compared  to  original  pulse  spectrum. 

Fig.  8  Original  pulse  spectrum  (dotted  curve)  and  blue  shifted  spectra  following 
transmission  through  plasmas  generated  in  5  atm.  neon  (solid  curve)  and  argon  (dashed 
curve).  Large  dots  are  a  theoretical  fit  based  on  Drude  model  (see  Eq.  1  of  text) 
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REFLECTION  SWITCHING  OF  PICOSECOND  PULSES  AT  SATURABLE  NONLINEAR  INTERFACES 

X .  Modem ,  B.  Jeanjean  and  J.-C.  Diels 
Department  of  physics  and  Astronomy 
The  university  of  New  Mexico,  Albuquerque ,  New  Mexico  «7131 

Abstract 


The  nonlinear  reflection  of  ,._j  pulses  incident  near  the  critical  angle  cn  glass-dye 
interface  has  teen  measured.  A  model  including  saturation  through  the  evanescent  wave,  anc 
the  resulting  change  in  resonant  dispersion,  accurately  describes  the  self  switching 
characteristics  of  this  interface. 


I nt  roduct ion 

The  interesting  phenomena  -  -  such  as  switching,  b i s  t  a  b i 1 i t  y ,  trapping  -  -  that  can 
occur  at  interfaces  Det  ween  an  ordinary  dielectric  and  a  nonlinear  material  has  been 
pointed  out  oy  several  authors  in  the  last  decade-  .  Most  of  these  studies  have  focused  or; 
the  optical  -err  effect  as  the  nonlinear  process  1  '**.  The  optical  Kerr  effect  is  generally 
a  non- resonant  .nonlinearity  requiring  large  optical  powers  densities.  Switching  capabiliry 
at  r.'jcn  lower  power  levels  car.  be  obtained  with  resonant  nonl  ineari  t  les,  as  demonstrated 
here.  We  present  the  first  experimental  study  of  the  interface  of  a  linear  material  ana  a 
s  a : u  r  a  d I e  absorber. 

The  interest  in  such  an.  interface  is  justified  oy  its  potential  application  in 
uitralaCv.  switching,  energy  limiting,  internal  or  external  cavity  pulse  compressors,  and 
rode  locking  of  aye  lasers.  No nil  near  optical  properties  of  materials  with  large 
absorption  can  also  be  studied  oy  rr.t  ..suring  the  reflection  from  tne  interface. 

Experimental  Arrangement 

The  boundaries  of  the  nonlinear  interface  were  fused  silica  (as  the  linear  dielectric) 
and  a  solution  of  3,  3' - in  et by  1 1 hi aaica r bocyan 1 ne  iodide  ( DTDCI )  in  Ethylene  glycol  as  the 
saturacle  absorber.  A  concentration  of  5  m  K  / 1  of  DTDCI  is  needed  in  order  to  have 
absorption  lengths  comparable  to  the  penetration  depth,  which  is  of  the  order  of  the 
wavelength,  sily lation  of  the  quartz  surface  ,  as  well  as  high  flow  velocities,  were  usee 
to  prevent  the  attachment  of  dye  molecules  to  the  quartz  surface  and  their  suDsequent 
dissociation. 


The  peak  absorption  of  the  dye  is  at  660  nm.  The  reflection  coefficient  of  the 
interface  as  a  function  of  incident  energy  density  is  measured  at  and  above  resonance. 
Switching  pulses  of  approximately  10  fij  energy  are  provided  by  an  osc  i  1 1  at  o  r  -  a  nip  1  i  f  l  e  r 
combination.  The  oscillator  consists  in  a  tunable,  synchronously  pumped  mode  locked  dye 
laser  generating  6  psec  pulses.  The  latter  are  sent  through  a  three  stage  dye  amplifier 
pumped  by  a  frequency  doubled  NdiYAG  amplifier  .  The  beam  is  focused  to  a  100  pm  spot  at 
the  interface  with  a  100  cm  focal  length  lens.  with  this  geometry,  the  radiation  incident 
on  the  interface  can  be  approximated  by  a  plane  wave. 

Linear  Properties  of  the  Interface 

The  reflectivity  is  plotted  versus  internal  angle  of  incidence  on  Fig.  1,  using  the 
( unampi  i  f  led)  beam  from,  the  laser  oscillator  alone  as  a  source.  The  data  points  are  for 
the  pure  solvent  (a),  5  mM/1  of  DTDCI  in  ethylene  glycol,  with  the  laser  tuned  to  637  nm 
(o),  ana  the  same  concentration  of  dye  with  the  laser  tuned  to  660  nm  (c).  A  straight¬ 
forward  application  of  the  Fresnel  formula  completely  describes  the  (linear)  reflection  at 
the  interface  (solid  line).  Because  of  the  absorption  of  the  dye  through  the  evanescent 
wave,  the  reflectivity  drops  to  a  smaller  value  above  the  critical  angle,  and  the  sharp 
edge  in  the  curve  disappears.  The  effect  of  variations  in  the  index  of  refraction  on  the 
reflectivity  is  also  apparent,  resulting  for  instance  in  an  increase  of  reflectivity  below 
critical  angle  in  curve  (b).  Because  of  the  negative  contribution  to  the  refractive  index 
below  resonance,  one  expects  indeed  the  critical  angle  to  decrease  below  resonance. 

The  calculated  (solid  lines)  curves  of  Fig.  1  include  two  contributions  of  the  dye 
solution  to  the  index  of  refraction;  a  resonant  (saturable)  ana  a  non-resonant  (non  satu 
table)  part.  The  resonant  contribution  to  the  index  of  refraction  was  calculated  by 
fitting  the  absorption  spectrum  of  the  dye  to  a  Lorentzian  shape.  This  results  in  a 
negative  contribution  above  resonance  (637  nm)  and  a  zero  contribution  at  resonance  (660 
nm).  There  is  also  a  background  index  contributed  by  the  dye  which  is  nonsaturable,  at 
least  with  the  optical  energy  densities  used  in  our  mieasu rements.  The  value  of  the  latter 
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Conclusion 

V.'e  nave  ae-onst  rated  the  switching  properties  of  the  saturable  absorber  at  an  inter¬ 
face.  A  numerical  model  was  developed  which  agrees  very  well  with  the  experiments.  A 
large  negative  Kerr  effect  had  to  be  included  in  the  model  to  explain  the  increase  of 
reflectivity  at  high  energy  densities.  This  Kerr  effect  is  associated  with  the  dye  mole- 
and  car;  be  eliminated  by  using  a  different  dye,  such  as  HIDCI.  When  the  frequency  of 
it-  switching  radiation  is  tuned  above  resonance,  the  nonlinear  interface  can  be  used  as  an 
‘■.tergy  limiter.  For  r  he  latter  application,  the  index  of  refraction  of  the  solvent  incre¬ 
mented  oy  tr.e  nonsaturable  (nonresonant)  contribution  of  the  dye,  has  to  match  the  index  of 
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SUBTLE  ANGULAR  EFFECTS  IN  PRISMATIC  PULSE  COMPRESSION 


F.  J.  Duarte 
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Eastman  Kodak  Company,  Rochester,  NY  14650-1744 


Abstract 


Numerical  techniques  are  employed  to  illustrate  the  subtle  differences  between  two 
approaches  used  to  augment  dispersion  in  prismatic  arrays.  The  numerical  method  provides 
a  clear  perspective  on  characteristics  difficult  to  perceive  from  the  mathematical  theory. 


Introduction 


Here  we  provide  an  introduction  to  the  main  steps  involved  in  these  pulse  compression 
calculations.  This  work  utilizes  the  second  derivative  of  the  optical  path  length  provided 
by  Fork  et  al.1 


d2P 

1"  d2n 

d0 

/dn 

\2  d20  ‘ 

dP  /  dn  \2 

/  dd  \2  d2P 

-  =: 

—  + 

—  +  (  —  I 

dX2 

.dX2 

dn 

VdX 

/  dn2 . 

d0  \  dX  / 

\dn/  de2 

where  P  =  2Gcos0. 

In  this  equation  (d0/dn)  and  (d20/dn2)  are  related  to  the  prismatic  dispersion  and  its 
derivative.  For  a  generalized  prism  chain  the  single-pass  dispersion  is  given  by  Duarte 
and  Piper2,2 


d*2,m  _  sin^2,m  +  cos^2,m  cos*l,m  rsin^l,m  +  d*2,(m-l) 

dn  '  cos02fin  +  cos*2,m  c°£^lfII1  |_cos*1(in  1  dn 

where  <t>±  m  is  the  angle  of  incidence  and  ^  m  is  the  corresponding  angle  of  refraction  so 
that  sin^  m  =  n(X)  sin^j  m  (see  Ref.  3  for  a  detailed  definition  of  terms).  The  deriva¬ 
tive  of  the  generalized  single-pass  dispersion  is  given  by4 
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For  a  single  isosceles  prism  these  equations  reduce  to 


and 


d*2,l 

dn 


sin^2/i  cos^2,l 

cos^2  i  cos^2  i 


tan^2  i 
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d2*2,l 

dn^ 


tan^2 


/d»2,iy  „ 

fl  '  dn  / 


tan**0^  ^  d^2  i 


dn 


(5) 


For  incidence  at  the  Brewster  angle  these  equations  reduce  to  the  results  introduced  by 
Fork  et  al.,1  namely,  (d$2fi/dn)  =  2  and  (d202 ( i/dn2 )  =  [4n  -  (2/n3)]. 

The  emphasis  here  is  in  calculating  (d02  ^/dn)  and  (d202  1/dn2)  for  two  different 
configurational  alternatives  and  consequently  determining,  via  Eq.  (1),  the  necessary 
prism  separation  to  achieve  negative  dispersion. 


Configuration  Alternatives 

In  this  section  we  consider  two  different  geometrical  approaches  to  increase  the 
dispersion  and  its  derivative.  The  first  approach  is  due  to  Kafka  and  Baer5  and  consists 
in  decreasing  the  angle  of  incidence  in  isosceles  or  equilateral  prisms  while  the  apex 
angle  (a)  is  maintained  constant.  It  should  be  noted  that,  at  a  constant  a,  decreasing 
the  angle  of  incidence  causes  the  angle  of  emergence  to  increase,  thus  producing  a  conse¬ 
quent  increment  in  (dtf2jl/dn)  and  (d202  ^/dn2).  The  second  approach  considered  is  from 
Duarte4  and  consists  in  increasing  the  angle  of  incidence  while  the  apex  angle  of  the 
prism  is  adjusted  to  ensure  that  a=  2  j,  is  maintained  as  the  angle  of  incidence  (0J  m) 
is  varied.  This  latter  approach  also  has  the  effect  of  increasing  (d <t>7  -,/dn)  and 
(d  ^2,l^dn  '•  In  tflis  regard,  the  net  effect  of  these  two  alternatives  is  quite  similar, 
and  the  main  issue  to  be  considered  now  is  to  elucidate  the  mechanics  of  the  two  methods 
and  to  highlight  the  differences. 


Results 


Numerical  results  from  the  two  approaches  are  presented  in  Tables  I  and  II.  It  should 
be  emphasized  that  determination  of  the  minimum  prism  separation  (2)  to  achieve  negative 
dispersion  is  carried  out  using  Eq.  (1)  and  the  beam  parameters  utilized  by  Fork  et  al.1 
This  is  done  in  order  to  provide  a  meaningful  comparison  with  existing  data.  Certainly, 
the  reader  should  be  aware  that  changes  in  wavelength,  material  and/or  beam  dimensions 
will  lead  to  different  values  for  C. 

The  results  of  Table  I  apply  to  an  apex  angle  (a)  of  45°.  For  an  apex  angle  of  60° 
the  fixed  apex  angle  approach  yields  C  >  49.04  mm  at  0j  ^  =  25°.  The  minimum  value  for  C 
utilizing  the  variable  angle  approach  (a  =  2  ^  is  39.66  mm  at  =  84°  (see  Ref.  4). 

For  incidence  at  the  Brewster  angle  we  need  B  >  304.16  mm,  201.78  mm,  and  138.4  mm  for 
a  ■  45°,  a*  60°,  and  a»  2  (=  68.93°),  respectively. 
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Table  I 


Fixed  Apex  Angle  ( a  =  45°)  Approach  in  Quartz  at  620  nm 


*1,1  d$2(i/dn 

d2*2 , i/dn2 

G(mm)  > 

5°  2.76 

28.73 

105.58 

10°  1.63 

5.48 

169.94 

20°  1.11 

1.41 

244.47 

30°  0.95 

0.61 

285.30 

40°  0.89 

0.27 

304.07 

50°  0.88 

0.04 

307.09 

60°  0.90 

-0.15 

300.28 

70°  0.93 

'0.34 

289.61 

80°  0.96 

-0.49 

280.55 

Table  IX 

Variable  Apex  Angle 

(  a  =  2  ti'i)  Approach  in  Quartz  at  620  nm 

*1,1  d*2,l/dn 

d2*2ji/dn2 

8(mm)  > 

10°  0.24 

0.0079 

1118.83 

20°  0.49 

0.07 

542.45 

30°  0.79 

0.29 

342.54 

40°  1.15 

0.92 

236.44 

50°  1.63 

2.76 

167.56 

60°  2.37 

8.90 

117.02 

70°  3.77 

37.25 

77.02 

80°  7.78 

339.35 

45.97 

From  Tables  I  and  II  it  is  clear 

Discussion 

that  both  the  fixed  and  the  variable  apex  angle 

approaches  produce  an  increase  in  (d^2 

^/dn)  and  (d2^  i/dn 

2).  In  the  fixed  apex  angle 

approach  this  effect  is  achieved  by  decreasing  the  angle  of 

incidence,  while  in  the  var 

able  apex  angle  method  the  effect  occurs  by  augmenting  the 

angle  of  incidence. 
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A  comparison  of  the  results  in  Tables  I  and  II  indicates  that  a  greater  affect  is 
achieved  via  the  variable  apex  approach.  However,  the  use  of  a  =  60°  in  the  fixed  apex 
angle  method  yields  closer  results  so  that  the  two  methods  appear  to  be  comparable. 

It  is  not  the  aim  of  this  communication  to  advocate  the  superiority  of  either 
method.  The  aim  here  is  simply  to  indicate  the  alternatives.  However,  it  is  clear  that 
from  a  practical  perspective  the  fixed  apex  angle  approach  is  more  attractive  since  it 
does  not  require  different  sets  of  prisms.  Also,  the  fixed  angle  approach  is  more 
attractive  from  the  view  point  of  transmission  characteristics. 

The  usefulness  of  the  comparison  provided  here  is  the  realization  that  two  different 
and  apparently  conflicting  approaches  produce  similar  results.  In  addition,  it  should  be 
stated  that  the  variable  apex  angle  approach  provides  a  conceptual  advantage  that  yields 
further  improvements  when  combined  with  the  appropriate  material.  Explicitly,  the  use  of 
materials  with  higher  refractive  index  allows  the  augmentation  of  the  Brewster  angle  and 
subsequently  an  increase  in  (d <t>2  ]/dn)  and  (d2$2 r j/dn2 ) ,  which  ultimately  results  in  a 
decrease  in  the  required  value  of  G  necessary  to  obtain  a  negative  value  for  (d2P/dX2). 
Specific  examples  of  this  effect  are  given  by  Duarte**  and  include  the  materials  of  LaSF9 
and  ZnSe  for  which  the  corresponding  Brewster  angles  are  61.56°  and  68.86°,  respectively. 
For  incidence  at  the  Brewster  configuration  the  values  for  minimum  G  are  49.3  mm  for  LaSF9 
and  11.23  mm  for  ZnSe. 

A  further  issue  of  interest  concerns  the  fact  of  internal  beam  expansion  as  the  angle 
of  incidence  is  incremented.  In  this  regard,  it  is  straightforward  to  show  that  higher 
angles  of  incidence  lead  to  larger  internal  beam  expansion  factors.  It  is  also  well  known, 
to  those  familiar  with  multiple-prism  beam  expanders,  ' ° '  that  higher  beam  expansion 
factors  lead  to  higher  dispersions. 

An  additional  comment  of  interest  is  related  to  the  use  of  Eq.  (1)  and  the  simplified 
dispersion  expressions,  Eqs.  (4)  and  (5).  This  approach  is  valid  as  long  as  the  prism 
pairs  are  perfectly  balanced.  Deviations  from  this  idealized  configuration  will  cause  a 
complicated  overall  dispersion  distribution  that  would  necessitate  the  use  of  the  gener¬ 
alized  dispersion  formulae. 


Conclusions 


The  principal  objective  of  this  communication  is  to  illustrate  the  fact  that  two 
apparently  conflicting  approaches  lead  to  similar  results  in  terms  of  the  required  prism 
separation  to  achieve  the  negative  value  for  (d2P/dX2)  necessary  for  pulse  compression. 
The  discussion  provided  solves  the  apparent  paradox  of  reducing  the  minimum  required  G  by 
decreasing  and  increasing  the  angle  of  incidence.  The  solution  to  this  conceptual  diffi¬ 
culty  is  provided  by  stipulating  the  differing  methodologies  utilized  in  each  case.  That 
is,  a  reduction  in  the  requirement  for  G  is  attained  by  either  decreasing  the  angle  of 
incidence  in  the  fixed  apex  angle  approach  or  by  increasing  the  angle  of  incidence  in  the 
variable  apex  angle  approach  {«=  2  ^  j). 

On  a  practical  perspective  it  should  be  indicated  that  the  best  way  to  achieve  nega¬ 
tive  dispersion  at  reduced  inter-prism  separation  is  to  employ  materials  with  higher 
refractive  indices  at  the  Brewster  angle  of  incidence.  This  approach  inherently  demands 
higher  angles  of  incidence  and  correspondingly  higher  coefficients  of  internal  beam 
expansion. 
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The  dyes  rhodamine  B,  rhodamine  6G  and  PYC  are  excited  by  two-photon  absorption  of  light 
pulses  of  a  passively  mode-locked  Nd-glass  laser.  Ultrashort  light  pulses  in  the  spectral 
range  between  565  and  630  nm  are  generated  by  two-photon  induced  amplified  spontaneous  emis¬ 
sion  (TPI-ASE)  and  two-photon  induced  seeding  pulse  amplification  (TPI-SPA)  of  picosecond 
light  continua.  The  generated  signals  are  amplified  in  a  two-photon  pumped  dye  laser  ampli¬ 
fier  (TP I -AMP) . 

1 .  Introduction 


The  single-photon  pumped  amplified  spontaneous  emission  (SPI-ASE)  in  organic  dyes  allows 
the  generation  of  frequency  tunable  ultrashort  light  pulses  at  the  Stokes-side  of  fixed-fre¬ 
quency  pump  lasers.  Longitudinal1,2,  transversal3,  and  travelling-wave  transverse4"6  pumping 
techniques  are  applied.  The  selective  spectral  amplification  of  ultrashort  light  continua  in 
single-photon  pumped  organic  dye  solutions  (single-photon  induced  seeding  pulse  amplifica¬ 
tion  SPI-SPA)  is  applied  in  frequency  tunable  picosecond 1 '2  and  femtosecond  pulse  genera¬ 
tion''8. 

The  two-photon  pumped  amplified  spontaneous  emission  (TPI-ASE) 9-11  and  the  two-photon 
pumped  seeding  pulse  amplification  (TPI-SPA) 11  of  ultrashort  light  continua  in  organic  dye 
solutions  allow  the  generation  of  frequency  tunable  ultrashort  light  pulses  in  the  wave¬ 
length  region  between  the  fundamental  and  second  harmonic  frequency.  The  generated  signals 
may  be  amplified  in  two-photon  pumped  dye  laser  amplifiers  (TPI-AMP)  n. 

In  this  paper  first  the  two-photon  pumped  amplified  spontaneous  emission  and  seeding 
pulse  amplification  are  compared  with  single  photon  pumping.  In  the  experiments  a  passively 
mode-locked  Nd-glass  laser12  serves  as  pump  source  for  the  pulse  generation  by  TPI-ASE, 
TPI-SPA,  and  TPI-AMP.  The  dyes  rhodamine  B  in  hexaf luoroisopropanol  and  methanol,  rhodamine 
6G  in  HFIP ,  and  PYC  (1,3,1 ',3  -tetramethyl-2 , 2 ’ -dioxopyrimido-6 , 6 ' -carbocyanme  hydrogen 
sulfate)13  in  HFIP  have  been  investigated.  Frequency  tunable  light  pulses  in  the  wavelength 
region  between  565  nm  and  630  nm  have  been  generated.  Energy  conversion  efficiencies  up  to 
3.5  percent  have  been  obtained  in  a  twe-photon  pumped  generator-amplifier  system.  The  diver¬ 
gence  of  the  generated  light  is  as  small  as  A G  =  7«10"4  rad. 

2.  Fundamentals 


The  dynamics  of  single-photon  induced  and  two-photon  induced  ASE,  SPA,  and  AMP  are  illu¬ 
strated  in  the  dye  configuration  coordinate  diagrams  of  Fig. la  and  lb,  respectively.  The 
schematic  experimental  arrangements  of  amplified  spontaneous  emission  (dye  laser  generator) , 
seeding  pulse  amplification,  and  signal  amplification  (dye  laser  amplifier)  are  depicted  in 
Figs . 2a-2c . 

The  single-photon  pumped  ASE,  SPA,  and  AMP  are  described  roughly  by  the  equations  1-3. 

A  more  detailed  equation  system  is  given  in  Ref.l. 
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NS1  is  the  number  density  of  dye  molecules  in  the  Sj-state.  Np  is  the  total  number  density  of 
dye  molecules.  Eq .  1  describes  the  S^state  population.  The  absorption  of  the  pump  pulse  is 
given  by  Eq.2.  The  first  term  is  due  to  ground-state  absorption  and  the  second  term  is  due 
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Fig  .  1 :  Single-photon  induced 
(a)  and  two-photon  induced  (b) 
dynamics  in  configuration  coor¬ 
dinate  systems  of  dyes. 


(a) 


(b) 
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r ig . 2  :  Schematic  experimental  layouts  for 
{a)  two-photon  pumped  amplified  spontaneous 
emission  (TPI-ASE)  in  generator  cell  G,  (b) 
two-photon  pumped  seeding  pulse  amplification 
(TPI-ASE) ,  and  (c)  two-photon  pumped  generator- 
amplifier  system.  C,  cell  for  generation  of 
ps  light  continuum.  G,  dye  generator  cell. 

A,  dye  amplifier  cell.  HM,  50  %-mirror,  Ml, 
and  M2,  100  S-mirrors.  KF,  short-pass  edge 
filter.  DL,  delay  block. 


V-B-  — 

Ml 


to  excited  state  absorption.  Eq.3  handles  the  light  emission.  The  first  term  gives  the  spon- 
aneous  emission,  t rad  is  the  radiative  lifetime  of  the  Sj-state  and  AO  is  the  solid  angle  of 
efficient  amplified  spontaneous  emission  [Aft  =  u(AO)2/4,  AO  beam  divergence  of  generated 
light).  The  second  term  of  Eq.3  is  due  to  stimulated  emission  and  describes  the  amplifica¬ 
tion  of  spontaneous  emission  (no  input  signal),  the  seeding  pulse  amplification  (input  of 
light  continuum),  and  the  signal  amplification  (input  of  ASE  or  SPA-signal) . 
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(4) 


Solution  of  Eq.3  gives  an  amplification  factor  (gain)  G  =  IFout/IFin  oF 


G  =  exp [ ( oF-oF  )Nslieff] 


The  dye  concentrations  in  single-photon  pumping  are  low  and  the  pump  pulses  bleach  the 
ground-state  absorption  at  the  cell  entrance.  The  pump  pulse  penetration  length  l ef f  is  de¬ 
rived  from  the  relation  (solution  of  Eq.2)  T  =  exp{  -  [  o  L(KQ -NS1)  +  o  gXN  sl]  i  ef  £1  & 
exp{-o^xNQ  teff }  =  exp(-l)  to  be 
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The  amplification  factor  is  limited  to  (insertion  of  Eq.5  into  Eq. 
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For  optimum  signal  output  the  dye  cell  length  l  should  be  approximately  equal  to  le[[  in 
order  to  avoid  reabsorption  of  generated  light  at  frequency  vF  due  to  reabsorption  in  unex¬ 
cited  dye  regions. 

The  two-photon  pumped  ASE,  SPA,  and  AMP  are  described  roughly  by  the  Eqs.7-9.  A  detailed 
description  is  given  in  Ref. 10. 
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The  first  term  of  Eq.7  gives  the  Sy-state  population  by  two-photon  absorption.  The  second 
term  is  responsible  for  the  Sylevel  depopulation  by  stimulated  emission.  This  term  reduces 
the  light  amplification  factor  G  at  frequency  vF  since  it  reduces  the  Sj-level  population. 
The  stimulated  emission  at  frequency  vL  does  add  to  the  pump  pulse  intensity  (second  term 
of  Eq . 8 )  but  two  pump  pulse  photons  are  absorbed  (first  term  of  Eq.7)  and  only  one  photon 
is  returned.  The  equation  of  amplified  spontaneous  emission  and  stimulated  emission  (Eq.9) 
is  identical  to  Eq.3.  The  amplification  factor  G  is  again  given  by  Eq.4.  High  dye  concen¬ 
trations  are  needed  in  two-photon  pumping  to  absorb  the  pump  pulse  effectively  at  reaso¬ 
nable  pump  pulse  intensities  (avoidance  of  dielectric  breakdown  or  other  nonlinear  optical 
processes  like  stimulated  Raman  scattering)  and  sample  lengths  (order  of  confocal  length  of 
lenses) .  The  pump  pulse  generally  does  not  deplete  remarkably  the  ground-state  population 
and  the  S: -state  population  at  the  cell  entrance  is  approximately 
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The  effect  of  stimulated  emission  at  the  pump  pulse  frequency  is  neglected.  AtL  is  the  pump 
pulse  duration.  In  most  cases  the  excited  state  absorption  of  the  pump  laser  determines  the 
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The  maximum  possible  amplification  factor  is  again  given  by  Eq.6.  The  sample  length  should 
be  approximately  equal  to  Heff. 


In  the  case  of  two-photon  pumping,  o^x  may  be  smaller  than  in  the  case  of  single  photon 
pumping  (Fig.l)  so  that  higher  amplification  factors  may  be  obtainable.  For  the  same  dyes 
single  photon  pumping  would  require  pumping  with  the  second  harmonic  light  of  the  pump  laser 
which  reduces  the  over-all  efficiency. 
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For  amplified  spontaneous  emission  the  generated  pulse  durations  Atf  (Atr  <  ln(2)iF,  iF 
is  lifetime  of  spontaneous  emission)  depend  strongly  on  the  amplification  factor  G  (and 
bottle-neck  effects1,1'''11).  The  seeding  pulse  amplification  of  pump-pulse  generated  light 
eontinua  gives  pulse  durations  of  approximately  A t f,  =  AtL/3. 

3.  Results 

3.1  Dyes.  Spectroscopic  parameters  of  the  investigated  dyes  are  listed  in  Table  1.  Fur¬ 
ther  informations  are  given  in  Ref. 11.  The  absorption  cross-section  spectrum  and  stimulated 
emission  cross-section  spectrumlc  of  rhodamine  B  in  HFIP  is  depicted  in  Fig. 3.  The  wave¬ 
length  positions  of  two-photon  excitation  \L/2,  excited  state  absorption  X^x  and  XFx  together 
with  the  region  \  F  of  amplified  spontaneous  emission  (FWHM)  are  included. 


WAVELENGTH  x  [nm] 


F i g . 3 :  Absorption  and  emission  cross-section  spectrum  of  rhodamine  B  in  hexaf luoroisopro- 
panol  (HFIP) . 


3.2  Two-photon  absorption.  The  measured  energy  transmissions  of  picosecond  pump  pulses 
3  ps,  ■  L  =  1.055  urn)  through  10':  molar  rhodamine  B  in  HFIP  are  shown  by  the  open 
circles  of  F ig .  4  .  The  solid  curve  is  calculated  by  fitting  the  two-photon  absorption  cross- 

-section  o^x  10  (see  Table  1).  The  solid 
HFIP.  Above  1.5*10u  W/cm2  the  pump  pulse 
.ly  by  nonlinear  optical  effects.  The  so- 
itensity  conditions  for  amplified  sponta- 
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of  the  investigated  dyes  are  listed  in  Table  1. 


l.S'lCr  W/cm2.  The  two-photon  absorption  parameters 
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and 


3.3  Two-photon  induced  seeding  pulse  amplification  (TPI-ASE) .  The  displayed  results  be¬ 
long  to  0.01  molar  rhodamine  B  in  HFIP.  In  Table  1  results  are  summarized  for  the  other  dye 
solut ions . 


Fig.  5a  displays  the  ASE-energy  conversion  efficiency  n E  versus  pump  pulse  input  intensity 
I  (  .  The  sample  length  is  i  -  2  cm.  The  circles  arc  measured  and  the  curve  is  calculated.10,11 
The  energy  conversion  efficiency  rises  steeply  and  saturates  above  IQL  =  10n  W/cm2  (see 
Eq .  6 )  .  The  energy  conversion  efficiency  versus  sample  length  is  depicted  in  Fig. 5b  for  I()1  - 
1 . 5  *  1 011  W/cm2 .  Gain  saturation  is  observed  for  sample  lengths  t  >  1  cm. 

The  wavelength  of  maximum  ASE  emission,  Xf  max,  (dash-dotted  curve)  and  the  spectral  half¬ 
width  of  the  ASE  emission  (width  of  hatched  region)  are  shown  versus  pump  pulse  peak  inten- 
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ENERGY  CONVERSION  EFFICIENCY  it  ENERGY  TRANSMISSION 


EMISSION  WAVELENGTH  \Fmax  Lnm] 


s’. tv  in  Fiq.i-a.  The  sample  length  i s  ..  =  2  cm .  >.  F  „  versus  sample  length  is  displayed  in 
Kia.tib  tor  I  •  =  1  ,5  »  10,:  W/ cm2.  The  wavelength  of  maximum  emission  shifts  to  longer  wave¬ 
lengths  with  sample  length  because  of  fluorescence  light  reabsorption  (see  long-wavelength 
absorption  tail  of  Fig. 3).  The  spectral  distribution  of  an  ASE  signal  (1  =  2  cm,  I0L  - 
(.'■It'-1  W/cm2)  is  reproduced  in  Fig. 7a.  The  spectral  distribution  is  rather  flat  (averaging 
over  ASE-d ivergence  angle). 


Fig  .  6 :  Wavelength  of  peak  TPI-ASE 
emission  versus  (a)  pump  pulse  peak 
intensity  I0L  ( I  =  2  cm)  and  (b)  sample 
length  l  (I0L  =  1-5^1 011  W/cm2).  Hatched 
region  of  (a)  indicates  spectral 
width  (FWHM) .  Dye  is  0.01  molar  rhoda- 
mine  B  in  HFIP. 


SAMPLE  LENGTH  l  [cm] 


The  dependence  of  the  ASE  divergence  r.  on  the  input  pump  pulse  peak  intensity  for  l  = 

2  cm  and  on  the  sample  length  for  I  =  l.S*10n  W/cm2  are  depicted  in  Figs. 8a  and  b,  respec¬ 
tively.  At  low  intensities  the  divergence  increases  drastically  because  of  reduced  gain, 
ir.d  at  high  intensities  the  divergence  increases  because  of  shorter  effective  interaction 
length  (Eq.ll,  '  -  d/<eff,  d  beam  diameter  of  pump  pulse,  see  Fig. 2a). 

Calculated  results  of  the  ASE-pulse  duration  versus  pump  pulse  peak  intensity  (t  =  2  cm) 

are  presented  in  Fig.9  .  The  ASE  pulse  duration  shortens  strongly  with  increasing  pump  pulse 

intensity.  Above  I.  L  8-1010w/cm2  the  ASE  pulse  duration  fitF  becomes  shorter  than  the  pump 
pulse  duration  ' t;  (dashed-dotted  line) .  The  inset  of  Fig.9  shows  the  temporal  shape  of  the 
pump  pulse  (dashed  curve)  and  of  the  ASE  pulse  at  I0L  =  1.5*10u  W/cm2  (solid  curve) . 

3.4  Two-photon  induced  seeding  pulse  amplification  (TPI-SPA) .  For  the  seeding  pulse 
amplification  experiments,  the  picosecond  light  continuum  is  generated  in  a  2  cm  long  D20 
cell1  (Fiq.2b).  At  1  ! . 9 » 10ir W/cm2  the  energy  conversion  efficiency  of  the  light  conti¬ 

nuum  within  a  spectral  width  of  =  10  nm  around  600  nm  is  approximately  5*10'5.  The  see¬ 
ding  pulse  amplification  reduces  drastically  the  divergence  of  the  spectrally  selective 
amplified  light  continuum  ( .',  ~  d/tCG,  £CG  distance  between  D20  cell  and  dye  cell,  see  Fig. 2b). 

A  spectral  distribution  of  the  SPA  signal  generated  by  0.01  molar  rhoiamine  B  in  HFIP  ( i  = 

2  cm,  I  ;  1.3-10“  W/cm2)  is  displayed  in  Fig. 7b.  The  spectrum  is  strongly  structured  be¬ 

cause  the  divergence  angle  becomes  comparable  to  the  coherence  angle  of  the  generated 
light"'  .  The  energy  conversion  efficiency  of  the  SPA  light  is  approximately  the  same  as  in 
the  case  of  the  ASE  light,  but  the  divergence  is  drastically  reduced.  Results  of  the  energy 
conversion  efficiency  and  of  the  beam  divergence  are  listed  in  Table  1.  The  wavelengths  of 
maximum  spectral  emission  XF  and  the  spectral  widths  (FWHM)  of  emission  are  approximately 
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Fig . 7 :  Spectral  distributions 
of  0.01  molar  rhodamine  B  in 
HFIP .  Cell  lengths  8.  =  2  cm. 
Pump  pulse  peak  intensities 
I0L  =  1.5x10“  W/cm2.  (a)  TPI- 
ASE.  (b)  TPI-SPA.  (c)  ampli¬ 
fied  ASE  signal,  (d)  ampli¬ 
fied  SPA-signal. 


the  same  as  in  the  case  of  amplified  spontaneous  emission. 

3.5  Two-photon  induced  signal  amplification  (TPI-AMP) ■  The  TPI-ASE  and  the  TPI-SPA  sig¬ 
nals  may  be  further  increased  in  energy,  and  the  divergence  may  be  further  reduced  in  two- 
photon  pumped  dye  laser  amplifiers.  Behind  the  dye  generator  cell  spectral  narrowing  and 
spectral  tuning  is  possible  to  generate  narrow-band  spectrally  tunable  light  pulses. 

With  the  experimental  arrangement  of  Fig. 2c,  TPI-ASE  and  TPI-SPA  signals  have  been  ampli¬ 
fied.  In  the  generator  cell  and  in  the  amplifier  cell  0.01  molar  rhodamine  B  in  HFIP  was 
applied  in  2  cm  long  cells.  The  over-all  energy  conversion  efficiency  (signal  behind  ampli¬ 
fier  to  total  input  signal  before  beam  splitter.  Fig. 2c)  was  a  few  percent  (for  TPI-ASE: 
r  E  -■  0.02;  for  TPI-SPA:  nF  =  0.035).  The  beam  divergence  of  the  generated  light  behind  the 
amplifier  was  -  7*10”4’rad.  Spectral  distributions  are  shown  in  Fig. 7c  and  d. 

4.  Conclusions 


The  two-photon  pumped  amplified  spontaneous  emission,  seeding  pulse  amplification,  and 
signal  amplification  allows  to  generate  frequency  tunable  ultrashort  light  pulses  at  the 
anti-Stokes  side  of  ultrashort  fixed-frequency  pump  lasers.  The  over-all  efficiency  of  two- 
photon  pumped  amplified  spontaneous  emission  is  very  likely  higher  than  the  single-photon 
pumped  amplified  spontaneous  emission  which  employs  the  second  harmonic  of  the  pump  pulses. 
Very  often  the  excited-state  absorption  of  the  second  harmonic  light  is  higher  than  the  ex¬ 
cited  state-absorption  of  the  fundamental  light,  which  favours  the  two-photon  pumped  ampli¬ 
fied  spontaneous  emission. 

For  the  TPI-ASE  and  TPI-SPA  experiments  laser  dyes  and  fast  saturable  absorbers  may  be 
employed.  In  TPI-ASE  experiments  the  generated  pulse  duration  is  strongly  gain  dependent 
and  fast  picosecond  saturable  absorbers  give  shorter  pulse  durations  than  laser  dyes  with 
nanosecond  fluorescence  lifetime.  The  seeding  pulse  amplification  of  pump-pulse  generated 
parametric  light  continua  generates  pulse  durations  of  typically  one  third  of  the  pump 
pulse  duration. 

Two-photon  pumped  generator-amplifier  systems  may  be  applied  to  other  picosecond  and 
femtosecond  pump  sources.  They  may  be  very  fruitful  for  the  generation  of  frequency  tunable 
ultrashort  light  pulses  in  the  near  ultraviolet  spectral  region  by  employing  visible  pump 
pulses.  Besides  dyes  other  laser  materials  may  be  employed  in  two-photon  pumped  generator- 
amplifier  systems  (e.g.  semiconductors18)  . 
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PULSE  DURATION  AtF  [ps]  BEAM  DIVERGENCE  A  0  [rad] 


Fig . 8 :  Beam  divergence  AQ  of  TPI-ASE 
signal  versus  (a)  pump  pulse  peak  in¬ 
tensity  IQ,  (1  =  2  cm)  and  (b)  sample 
length  l  (IQ,  =  1.5xlOu  W/cm2)  .  Dye: 
0.01  molar  rnodamine  B  in  HFIP. 
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Fig . 9 :  Calculated  duration  of 
TPI-ASE  signal  versus  pump  pulse 
peak  intensity  IQL  (sample  length 
1=2  cm,  dye  concentration  0.01 
mol/dm3).  Dye  parameters  of  rhoda- 
mine  B  in  HFIP  (Table  1)  are  used. 
Dashed-dotted  line  indicates  pump 
pulse  duration  AtL.  Inset  gives 
temporal  pulse  shape  of  pump  pulse 
(dashed  curve)  and  of  ASE-signal  at 
I0L  =  1.5xlOu  W/cm2. 


TIME  t  tps] 


100  200  300  400 

INPUT  PEAK  INTENSITY  L,  L GW/cm2] 


Table  1 :  Dye  parameters  and  dye  performance  data.  ASE  and  SPA  data  belong  to  dye  concentra¬ 
tions  of  C  =  lO'^  mol/dm3  and  pump  pulses  of  XL  =  1.055  urn,  =  5  ps,  and  IQL  =  1.5xl0n  W/cm2 


Parameter 

Rhodamine  B 

Rhodamine  6G 

PYC 

Solvent 

HFIP 

Methanol 

HFIP 

HFIP 

(2)  r  4  , 
a  [cm  s] 

1  .5*10"49 

-4  9 

1.5*10 

lx  10“49 

1 . 8  x 1 0-4  9 

L  ,  2, 

a  [cm 
ex 

i*io“17 

1.5xl0~17 

5X10"18 

<  2 x 1 0_1 8 

X_  [nm] 

F,max 

617 

620 

570 

600 

? 

oF [cm" J 

1.9*10-16 

1.5xl0~16 

1  .5xl0-16 

1 .85xl0_16 

F  r  2i 
c  [cm  ] 
ex 

3  *  10 -1 7 

lxlO-17 

9* 10_1 7 

-17 

7.5*10 

tf [ns] 

2.4 

1.17 

4.1 

0.011 

TP I -ASE 

rE 

1  .  3*10-2 

7xl0-3 

-4 

5*10 

7  x  1 0~3 

1 10 [rad] 

-2 

2*10 

2  x  1 0-2 

2.5xl0-2 

2  x 1 0  ~2 

iA  [nm] 

13 

20 

8.5 

12 

Itp [ps] 

1.7 

4.5 

10 

0.35 

TPI-SPA 

E 

1*10-2 

7x 1 0-3 

lxl0~3 

3  x 1 0-3 

1C [rad] 

1 . 8  *  10  ~3 

2 . 5x 10-3 

2  x 1 0~3 

3  x  1 0_ 3 
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THERMAL  EFFECTS  IN  AN  EXCIMER-PUMPED  DYE  LASER 

E.  Berik,  I.  Berik  and  V.  Davidenko 
Institute  of  Physics,  202400  Tartu,  USSR 


Abstract 


It  is  shown  that  the  main  reason  for  the  efficiency  reduction  of  the  transverse-pumped 
pulsed  dye  laser  is  a  short-focus  negative  cylindrical  lens  thermally  formed  in  the  active 
medium.  This  effect  is  well  expressed  under  UV  excimer  pumping  because  of  large  Stokes  losses 
in  lasing  molecules  and  fast  nanosecond  energy  relaxation  in  the  excited  zone.  Other  conse¬ 
quences  of  thermo-optical  aberrations  -  the  dynamic  shift  of  the  lasing  wavelength  and  the 
broadening  of  emission  spectra  -  have  been  found  and  interpreted. 


Introduction 

The  thermal  processes,  arising  in  the  active  medium  of  lasers  under  powerful  pumping,  of¬ 
ten  evoke  disturbances  in  the  laser  cavity,  thus  influencing  the  characteristics  of  the  out¬ 
put  radiation.  These  processes  proceeding  in  the  millisecond  time  scale  have  been  studied  in 
solid-state  lasers^'2  and  in  flash-lamp-pumped  dye  lasers^'4.  Later  the  presence  of  thermo- 
optical  effects  has  been  found  in  longitudinally-pumped  pulsed  dye  lasers  excited  by  N d : Y AG 
lasers"*'  .  For  transversely-pumped  dye  lasers  with  the  excitation  by  a  nitrogen  laser  the7 
saturation  of  the  output  energy  on  pumping  with  the  power  higher  than  5  mJ  has  been  noted. 
However,  this  effect  has  neither  been  studied  carefully  nor  interpreted. 

In  excimer-pumped  pulsed  dye  lasers,  the  effects  of  the  thermo-optical  distortion  of  the 
excited  zone  should  play  a  considerable  role.  It  can  be  explained  by  the  large  Stokes  losses 
in  UV-excited  dye  molecules  emitting  in  thu  visible  or  IR  as  well  as  by  the  considerable 
length  of  the  excited  zone  and  by  the  high  energy  of  pumping  available  for  excitation. 

In  this  communication,  we  attempt  to  determine  which  of  the  thermal  effects  has  time  to 
influence  the  nanosecond  lasing  of  the  excimer-pumped  dye  laser  and  we  try  to  calculate  the 
results  of  this  influence. 


Theoretical  approach 

Let  us  consider  the  process  of  transverse  excitation  of  the  dye  solution  in  the  rectangu¬ 
lar  cell,  performed  by  the  output  beam  of  an  excimer  laser  (Fig.  1).  The  pumping  beam  spread¬ 
ing  in  z-direction  has  an  intensity  distribution  in  the  cross-section  near-Gaussian  in  Y- 
axis  direction  and  rectangular  in  perpendicular  direction,  which  is  typical  of  transverse- 
discharge  gas  lasers. 


Fig.  1  The  coordinates  used  and  the  dis¬ 
tribution  of  the  pumping  intensity  in  the 
active  medium. 


Being  focused  by  a  cylindrical  lens  in  YZ  plane,  the  beam  retains  the  Gaussian  (or  bell¬ 
shaped)  profile  of  the  intensity  distribution 

I(y)  =  ioe"y2/“2  (1 


with  the  halfwidth  equal  to 
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On  passing  through  the  absorbing  medium  of  the  dye  solution  the  pumping  beam  loses  the 
intensity  in  accordance  with  the  Bouger-Bear  exponential  law, 

I(z)  =  IQe~kz,  (2) 

where  k  is  the  absorption  coefficient  of  the  solution  of  the  pumping  wavelength.  The  law 
should  be  correct  in  our  case  of  strong  stimulated  radiation  reducing  the  concentration  of 
the  excited  dye  molecules  and  at  moderate  density  of  the  pumping  power. 

Thus,  the  distribution  of  the  energy  accumulated  by  the  solution,  if  the  nonradiative 
losses  of  energy  and  reabsorption  of  lasing  are  negligible,  can  be  written  for  YZ  plane  as 
follows : 


Q (y / z) 


AJE 
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-y2/u2-kz 
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(3) 


where  and  X  are  the  lasing  and  the  pumping  wavelengths,  respectively,  L  is  the  length  of 
the  excited  zone  in  X  direction,  Ep  is  the  energy  of  the  pumping  pulse  and  A  is  a  normaliz¬ 
ing  coefficient  calculated  from  the  equation 
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dxdyciz  =  1, 


(4) 


A  is  equal  to  k/uLvir. 

Typical  concentrations  of  dye  molecules  in  the  solution  for  the  excimer  pump  are  of  the 
order  of  1  *  3-l0“^  M/t,  that  corresponds  to  the  distance  between  the  molecules  of  10  *  15  nm. 
The  total  number  of  dye  molecules  in  the  zone  of  excitation  is  about  101-1  (the  dimensions  of 
the  zone  are  determined  by  the  laser  cavity  requirements).  Thus,  using  a  5  mJ  pumping  pulse, 
we  have  to  excite  every  molecule  of  the  dye  by  about  5  times.  The  dye  molecule,  relaxed 
from  the  upper  excited  state  within  10-1^  *  10"  ^  S/  can  be  considered  as  a  local  (point) 
source  of  heat.  It  warms  the  homogeneous  medium  of  the  surrounding  solvent  in  accordance 
with  the  equation 


3T/3t  -  yiT/cp  =  6  (r,t)  , 


(5) 


CO  00 

where  i  /  S(r,t)dr  dt  =  Q. 
o  o 

Here  T=T(r,t)  is  the  local  temperature,  y,  c  and  p  are  respectively  the  coefficient  of 
thermal  conductivity,  the  heat  capacity  and  the  density  of  the  solvent.  Equation  (5)  has  a 
solution  of  the  form 


T (r,t) 
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(6) 


In  the  case  under  consideration  the  time  of  the  thermalization  of  the  solution  (a  time  re¬ 
quired  for  reaching  the  thermal  equilibrium  in  the  space  between  the  neighboring  dye  mole¬ 
cules)  can  be  estimated  from  the  formula 


T(o,to)  =  2T ( 1/2 , o) .  (7) 

In  the  formula,  1  is  the  average  distance  between  the  dye  molecules  (in  case  of  lower  power 
density  of  excitation  the  value  of  1  can  exceed  the  intermolecular  distance  by  several 
times ) . 

This  time  is  equal  to 

t  =  1  cp/41n2.  (8) 

By  using  ethanol  as  a  solvent  (c  =  0.59  cal«C  4-g  \  p=0.78  g*cm  y  =  4.3*10  4  cal-cm  ^-s  1 
•  C"  1  )  one  can  obtain  tQ  =  0.4  ns  at  1=  10  nm  (dye  concentration  2 •  1 0-3  M/1). 

The  obtained  value  of  tG  shows  a  dynamic  character  of  the  formation  of  thermal  non-uni¬ 
formity  in  the  dye  solution,  that  allows  one  to  consider  it  as  a  function  of  the  pumped  energy 
only. 

Thus ,  we  have 


T (y ,z ,t) 


kEP[tl  -  *p  .-rV.’-k, 

ojL/ttcp  e 


(9) 
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The  relaxation  of  the  stimulated  thermal  macro-non-uniformity  (i.e.  the  excited  zone  of 
dye  solution)  is  described  by  the  same  equation  (6)  with  lv0.5  mm  (transverse  size  of  the 
excited  zone).  In  this  case  the  calculation  gives  the  relaxation  time  of  the  order  of  hund¬ 
reds  milliseconds. 

The  increment  of  the  refraction  index  n  in  the  excited  zone,  caused  by  the  thermal  dis¬ 
tortion  of  the  optical  properties  of  the  solution,  can  be  written  as 


An(y,z,t)  =  ■^•aT(y,z,t) ,  (10) 

where  3n/3T  is  the  thermal  dispersion  of  the  refraction  index  of  the  solvent. 

The  thermal  dispersion  of  n  can  be  expressed  as 

3n/3T  =  (3n/3T)  +  ( 3n/3p  )  ■  3p / 3T.  (11) 

P 

In  case  of  instantaneous  subnanosecond  heating  of  the  solvent  in  the  active  zone  at  laser 
pumping  there  is  no  thermal  expansion  of  the  solution  during  the  time  of  lasing.  Thus  we  can 
neglect  the  second  part  in  sum  (11). 

When  the  light  beam  passes  through  the  medium  with  the  gradient  of  the  refraction  index 
perpendicular  to  its  axis,  the  beam  will  deviate  in  the  direction  of  higher  values  of  n.  In 
accordance  to8  the  radius  of  the  curvature  of  the  deviation  can  be  expressed  as 

R  =  [ j • grad (In  n)]-1.  (12) 


By  solving  equation  (10)  for  the  independent  coordinates  Z  and  Y,  we  have 


2  —  kyEp  Ae  Ap  e-y2/w2-kz 
u  2  /rrcpn  ^e 
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(13) 


(14) 


The  solutions  describe  the  formation  of  a  negative  cylindrical  lens  in  the  axis  Y  (in 
the  center  of  the  lasing  beam  (Y  =  0)  the  refraction  index  has  a  minimum,  as  (3n/3T)p  for 
the  solvents  used  is  negative).  In  the  plane  XZ ,  the  beam  deviates  from  the  front  wall  of 
the  dye  sell.  The  deviation  depends  on  the  magnitude  of  z,  i.e.  the  beam  divergence  in¬ 
creases  as  well. 

The  numerous  factors  influencing  the  spatial  characteristics  of  the  beam  passing  through 
the  solution  disturbed  by  the  pumping  pulse,  make  it  difficult  to  obtain  the  exact  expres¬ 
sion  for  the  variation  of  the  laser  output.  Nevertheless,  we  can  estimate  this  influence 
in  the  first  approximation  by  studying  the  behavior  of  the  rays  passing  through  the  key 
points  with  the  co-ordinates  in  YZ  plane  (w/ln2;  k/2)  and  0,  k/2) .  The  first  of  the  points 
describes  the  beam  deviation  in  Y-axis  direction,  the  second,  corresponding  to  the  center 
of  the  beam,  its  deviation  in  z  direction. 

For  Rhodamin  6G  dye  at  Xe  =  580  nm,  pumped  by  10  mJ  pulse  of  XeCl  laser  (Xo=308  nm)*.the 
calculation  performed  for  these  points  with  ethanol  as  a  solvent  ((3n/3T)  =*-0.24*10  , 

n=1.36)  gives  when  k = 45  cm-1  and  u  = 0.017  cm,  p 

Ry  (0.014  cm;  0.011  cm)  =11.7  cm, 

Rz  (0;  0.011  cm)  =12.2  cm. 

The  focal  length  of  the  thermally-formed  negative  lens,  determined  by  the  formula 

f  =  Ryuln2/L,  (15) 

is  about  8  cm. 

In  the  dye  laser  used,  the  dispersion  plane  of  the  Littrow-mounted  diffraction  grating 
coincides  with  the  plane  XZ  and  thus  the  deviation  of  the  beam  in  Z-direction  leads  to  the 
variation  of  the  lasing  wavelength  in  accordance  with  the  expression 

AX  =  X A<j> /Mtg<J> ,  (16) 

where  A$  is  the  full  angle  of  deviation,  <p  is  the  grating  angle  and  M  is  the  magnification 
ratio  of  an  intracavity  beam  expander. 

Although  the  thermal  deviations  of  rays  in  Y  and  Z  directions  are  of  the  same  order,  they 
have  different  influence  on  the  characteristics  of  the  laser  output.  The  beam  deviation  in 
the  grating  is  compensated  by  the  tuning  of  the  lasing  wavelength;  Y-direction  deviations 
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cause  the  cavity  disadjustment  and  lead  to  the  depression  of  lasing. 

In  general,  the  thermo-optical  effects  in  the  laser  grow  dynamically  in  accordance  with 
the  obtained  pumping  energy,  E(t)  =J£P  (T)dt,  and  give  the  contribution  in  the  output  radia¬ 
tion  which  is  proportional  to  the  instantaneous  power  of  dye  laser. 


Results  and  discussion 


To  detect  the  appearance  of  the  thermally-induced  effects  in  the  pulsed  dye  laser  one  can 
record  the  spatial  as  well  as  spectral  properties  of  the  output  radiation  or  its  power. 

The  equipment  used  permits  one  to  study  any  of  these  characteristics.  The  object  of  in-q 
vestigation  was  an  excimer-pumped  dye  laser  VL-10  developed  in  the  Estonian  SSR  Acad.  Sci.  . 
The  laser  has  a  modified  Hansch-type  oscillator  with  a  high-order  ruled  grating  of  600 
grooves/mm  and  a  40-fold  multiprism  achromatic  beam  expander.  The  laser  is  provided  with 
one  amplifier.  The  dye  cell  length  L  in  the  oscillator  is  equal  to  20  mm;  the  circulation 
system  guarantees  the  change  of  the  dye  solvent  in  the  area  of  excitation  in  the  time  bet¬ 
ween  the  shots. 

VL-10  has  been  excited  by  one  or  two  XeCl  excimer  lasers  of  ELI-type,  produced  in  Esto¬ 
nia10.  The  excimer  lasers  were  synchronized  with  an  accuracy  better  than  ±3  ns.  The  temporal 
resolution  of  the  recording  system  was  of  the  order  of  0.2  ns,  the  spectral  properties  of 
radiation  were  recorded  by  a  diode-array-provided  grating  spectrometer  with  the  resolution 
2.2  pm9. 

The  same  multichannel  recording  system  was  used  to  determine  the  pumping  power  distribu¬ 
tion  in  the  dye.  By  translation  the  cylindrical  lens  in  Z  direction  we  have  found  its  posi¬ 
tion  where  the  bell-shaped  profile  of  the  intensity  in  Y  direction  has  the  required  half¬ 
width  (0.28  mm)  (Fig.  2). 


Fig.  2  Spatial  distribution  of  the  focused 
pumping  beam  near  its  waist.  Lens  focal  length 
76  nm. 


Fig.  3  Output  energy  of  the  dye  laser  oscilla¬ 
tor  as  a  function  of  the  energy  of  the  pumping 
pulse  (A) .  Oscillograms  of  the  dye  laser  output  ~ 
for  some  pumping  energies  (B).  The  points  in  § 

Fig.  3A  correspond  to  the  profiles  in  Fig.  3B.  • 

Rhodamin  6G  dye,  lasing  wavelength  585  nm.  u 
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In  the  first  stage  of  the  experiment,  we  studied  the  effect  of  saturation  of  the  output 
energy  of  the  dye  laser  on  a  powerful  pumping.  The  energy  of  radiation  and  the  temporal  form 
of  the  pulses  were  measured  simultaneously  (Fig.  3). 

At  very  low  pumping  energy  (near  threshold)  the  dye  lasing  appears  much  later  than  the 
pumping  pulse  due  to  the  necessity  to  make  a  few  roundtrips  in  the  cavity  to  reach  the  la¬ 
sing.  When  the  pumping  power  is  increased,  the  evolution  time  becomes  shorter  and  the  dye 
laser  pulse  looks  like  a  pumping  one  (point  4).  This  point  corresponds  to  the  maximum  of 
the  efficiency  of  the  dye  laser  oscillator. 

Further  enhancement  of  E_  evokes  only  a  small  shift  of  the  front  part  of  the  lasing  pulse, 
the  peak  power  remains  proportional  to  the  pumping  energy.  However,  the  tail  of  the  pulse 
begins  to  disappear,  that  leads  to  the  pulse  shortening  and  to  the  efficiency  degradation. 

At  a  very  high  power  of  excitation  the  dye  laser  pulse  can  be  many  times  shorter  than  the 
pumping  pulse  (point  6). 

The  measurements  show  that  the  depression  of  lasing  studied  grows  in  accordance  with  the 
absorbed  pumping  energy,  i.e.  it  can  be  explained  by  the  thermo-optical  disturbance  in  the 
active  zone. 

For  further  verification  of  this  version  the  two-pulse  method  of  excitation  has  been  used. 
The  same  volume  of  the  dye  solution  has  been  excited  by  two  successive  pulses  of  excimer  la¬ 
sers  (Fig.  4)  . 


Fig.  4  The  scheme  of  two-beam  excitation  of 
the  dye  laser.  Exl  and  Ex2  -  the  excimer  la¬ 
sers;  It  -  variable  delay;  T  -  attenuator;  Cl 
and  C2  -  oscillator  and  amplifier  dye  cells; 

M  -  4o-fold  multiprism  beam  expander;  G  - 
diffraction  grating;  0  -  output  coupler. 


The  first  of  them,  a  powerful  pulse  E i  with  a  variable  energy,  forms  the  thermal  distur¬ 
bance  in  the  dye  solution.  The  second,  probing  pulse  E 2,  tests  the  lasing  properties  of  the 
cavity  with  the  thermal  non-uniformity  in  the  active  medium.  The  energy  of  the  probing  pulse 
has  been  chosen  weak  enough  to  avoid  its  thermal  self-action. 

The  oscillograms  of  the  dye  laser  outputs  (Fig.  5) ,  obtained  at  a  50-ns  delay  between  the 
pumping  pulses,  display  the  influence  of  the  preliminary  excitation  on  the  lasing  of  the  dye 
laser.  By  enhancing  the  energy  of  E-|  one  can  reach  the  absolute  depression  of  the  probing 
pulse.  It  shows  that  the  effect  of  saturation  under  investigation  has  not  been  caused  by 
two-photon  non-linear  processes.  To  exclude  another  possible  version  -  the  formation  of  the 
states  or  impurities  in  the  excited  zone,  which  can  absorb  the  lasing  radiation  -  the  spatial 
and  spectral  measurements  have  been  performed. 

The  increase  of  the  energy  of  E i  pulse  is  accompanied  by  a  well-observable  spatial  broad¬ 
ening  of  the  laser  radiation  in  Y-direction.  However,  it  is  difficult  to  use  this  phenomenon 


Fig.  5  Oscillograms  of  the  dye  laser  oscillator  output 
the  two-beam  mode  of  excitation.  Probing  pulse  energy  E2 

m  0 . 
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for  quantitative  measurements  because  of  the  strong  reduction  of  lasing  in  the  cavity  with 
thermal  disturbance. 

The  most  reliable  data  were  obtained  by  spectral  measurements  of  the  dye  laser.  The  laser 
oscillator  has  also  been  excited  by  two  delayed  pulses  of  the  excimer  lasers,  the  second 
pulse  pumping  the  amplifier  as  well.  This  permits  one  to  record  the  lasing  spectrum  even  of 
a  very  weak  depressed  probing  pulse.  By  varying  the  energy  of  E]  we  have  found  a  shift  of 
the  lasing  wavelength  of  the  probing  pulse,  which  is  linear  with  respect  to  the  energy  of 
the  disturbing  pulse.  The  dependence  obtained  in  VL-10  dye  laser,  operating  in  the  fifth 
order  of  grating  at  5B5  nm,  is  shown  in  Fig.  6  (Rhodamin  6 G  dye  of  0.79  g/1  concentration). 


Fig.  6  Spectral  position  of  the  lasing  line 
of  the  probing  pulse  vs  the  energy  of  the  dis¬ 
turbing  pulse  E  ^ . 


In  each  point  of  E-j  50  lasing  pulses  have  been  averaged,  that  permits  one  to  determine 
the  position  of  the  line  with  the  accuracy  better  that  0.5  nm.  The  shift  of  the  lasing  wave¬ 
length,  measured  at  4.5  mJ  energy  of  the  first  pulse,  is  13  nm.  The  calculations  in  accor¬ 
dance  with  (14,16)  give  under  these  conditions  AA=10.5  nm. 

An  asymmetrical  broadening  of  the  spectral  profile  of  the  probing  pulse  has  been  observed 
simultaneously  with  the  spectral  shift.  The  magnitude  of  the  broadening  in  case  of  4.5  mJ 
preexcitation  energy  is  of  the  order  of  50%  of  the  initial  linewidth  of  the  laser  line. 

The  situation,  where  the  thermo-optical  shift  of  spectral  position  of  the  line  could  be 
well  observed, was  specially  inspired.  In  case  of  the  single-shot  excitation 

00 

1(A)  =  f  G(A,t)P1 (t)dt,  (17) 

o 

where  G ( A , t )  is  a  cavity  transmission  curve  and  P-j  (t)  is  an  instant  intracavity  lasing  power. 
As  the  thermal  effects,  shifting  the  lasing  wavelength  simultaneously,  depress  the  lasing 
power  due  to  the  increase  of  the  introcavity  losses,  the  contribution  of  these  effects  to 
the  line  broadening  is  not  so  essential .  One  can  say  that  the  negative  cylindrical  lens 
serves  as  a  preservative  restricting  tne  line  broadening.  However,  the  thermal  lens  reduces 
the  duration  of  the  laser  pulse  and  decreases  the  line  narrowing  caused  by  the  multipass 
evolution  of  lasing  in  the  selective  cavity. 

It  is  difficult  to  depress  the  thermo-optical  disturbance  in  the  active  medium,  because 
the  dimensions  of  the  excited  zone  are  defined  by  the  spectral  properties  of  the  cavity. 
Besides,  with  the  exception  of  water,  ethanol  has  the  minimum  value  of  (3n/3T)p. 

Thus,  on  exciting  the  dye  laser  oscillator  by  an  excimer  laser, one  has  to  restrict  the 
energy  of  the  pumping  pulse  to  5  ;  6  m3  for  blue  and  to  3  ;  4  mJ  for  red  dyes.  This  energy  is 
sufficient  in  case  of  15  r  20  ns  duration  of  the  pumping  pulse.  Problems  may  arise  when  the 
pulse  duration  exceeds  100  ns. 

If  the  dispersion  plane  of  the  grating  is  turned  by  90°  in  the  XY  plane,  the  thermo-opti¬ 
cal  cylindrical  lens  will  lead  to  the  symmetrical  broadening  of  the  spectral  line  of  the 
laser,  and  the  efficiency  reduction  will  be  the  consequence  of  the  shift  of  intracavity  rays 
in  Z-direction. 

The  same  rules  should  be  correct  for  the  amplifier  as  well.  However,  owing  to  lower  con¬ 
centrations  of  dye  molecules  in  the  amplifier  cell,  the  intermolecular  relaxation  of  heat 
may  take  more  time.  As  the  thermo-optical  gradients  are  inversely  proportional  to  u2/k,  the 
pumping  energy  saturating  the  first  amplifier,  where  the  dye  concentration  is  three  times 
lower  and  u  is  three  time  larger,  will  be  of  the  order  of  50  ;  100  mJ. 
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Abstract 

A  6-beam  f lashlamp-pumped  dye  laser  system 
is  being  installed  at  a  field  site.  Each 
beam  will  produce  5  to  10  Joules  in  2-|is 
pulses  at  10  pps.  Design,  installation,  and 
initial  performance  will  be  reviewed. 


Introduction 

MIT  Lincoln  Laboratory  is  currently 
installing  a  laser  at  a  field  experimental 
site.  Six  laser  beams  are  required,  each 
running  at  10  pps,  with  5  to  10  J  per  pulse, 
no  more  than  2  jis  duration,  and  most  of  the 
energy  within  included  angle  20X/D.  A 
bandwidth  no  more  than  1  nm,  centered  at 
approximately  510  nm  wavelength  is  required. 
The  system  must  be  able  to  run  for  10  minutes 
at  full  power.  Last  year,  at  this 
conference1-2,  we  gave  a  progress  report  on 
its  engineering,  and  on  the  performance  of  a 
1/3  scale  model  of  the  system.  This  year  we 
will  show  photographs  of  the  system  partially 
complete  at  the  site,  and  discuss  progress 
and  the  initial  operation  of  one  laser  beam. 

Much  of  the  equipment  has  now  been 
installed  on  site,  and  is  working.  One  of 
the  six  laser  beams  has  been  performing 
experiments  for  a  number  of  months,  and 
further  beams  are  now  being  installed.  We 
believe  it  will  be  the  most  powerful 
operating  flashlamp  pumped  dye  laser  system. 

The  performance  has  not  yet  been  optimized 
because  some  of  the  diagnostics  are  not 
installed  and  some  components  are  improvised. 
However,  we  have  delivered  a  total  pulse 
energy  of  more  than  5J. 


Ihfl  Optical.  Table  and  Lasers 

One  engineering  challenge  was  how  to 
support  so  much  laser  equipment  on  a  firm 
base  so  the  beams  wouldn't  wander,  and  yet 
bring  in  the  fluid  and  electric  services  in  a 
practical  way,  while  allowing  access  for 
maintenance  and  alignment.  Surrounding 
equipment  must  also  be  protected  from  the 
horrendous  EMI .  We  decided  to  use  a  vertical 
optical  table,  16'  long  and  9'  high  inside  a 
screen  room.  The  photograph  in  Figure  1 
shows  the  table  under  construction.  It  is  a 
steel  shell,  18"  thick,  filled  with  concrete. 
The  ends  are  buttressed,  and  it  is  bolted 


down  to  a  3'  thick  concrete  slab  to  further 
stiffen  the  table.  The  slab  is  in  turn 
coated  with  steel  plate  to  form  the  floor  of 
the  screen  room  which  contains  the  immediate 
laser  equipment.  Experiments  confirm  that 
the  angular  motions  under  the  normal 
vibrational  environment  of  the  site  are 


certainly 
better . 
f inished 
equipment 


within  200  ^rad,  and  probably  much 
Figure  2  shows  the  front  of  the 
table  with  about  20%  of  the 
mounted . 


Fig.  2:  Laser  Side  of  Vertical  Optical  Table. 


The  laser  heads  shown  are  supplied  by 
Candela  Corp.,  developed  from  their  normal 
commercial  product.  Each  head  has  a  pair  of 
flashlamps  two  feet  long,  7  mm  bore,  in  a 
close-coupled  pumping  geometry.  They  pump  a 
longitudinally  flowing  dye  cell  of  the  same 


length  and  internal  diameter  15  mm.  Each 
lamp  dissipates  5CG  J  per  pulse.  Two  heads 
3  re  contained  in  each  unstable  confocal 
resonator,  as  shown  in  Figure  3.  The 
resonator  length  is  2.5  m.  There  will  be  six 
such  "double-dip"  resonators,  one  for  each 
beam,  giving  a  total  of  12  laser  heads.  This 
"double-dip"  configuration  is  unusual  but  is 
simpler  and  easier  to  align  than  the 
alternative  oscillator  and  amplifier 
configuration.  Simple  unstable  resonators 
have  a  hole  in  the  center  of  the  output  beam 
which  causes  seme  of  the  amplifier  medium  to 
not  be  used  as  shown  in  the  lower  part  of 
Figure  3.  This  is  wasteful  and  can  lead  to 
parasitics.  All  the  medium  is  used  in  the 
"double-dip"  configuration. 


Bl  REFR 

Ttff'ER  R  =  3m 


b)  OSCILLATOR  +  AMPLIFIER  (CONSIDERED  BUT  NOT  USED) 

Fig.  3:  Resonator  has  unstable  confocal 
geometry . 


The  laser  heads  exhibit  a  positive  lensing 
of  tens  of  meters  focal  length  as  a  result  of 
flowing  the  dye  solution  at  the  30  gallons 
per  minute  necessary  for  the  rep-rate.  This 
upsets  the  optics  of  the  resonator.  The 
performance  is  expected  to  improve  when  we 
compensate  for  this  lensing  by  adjusting  the 
curvatures  and  spacing  of  the  resonator 
mi rrers . 

A  birefringe nt  filter  is  used  for  tuning. 
By  setting  it  to  45"  instead  of  the  normal 
Brewster  angle  we  reflect  a  small  sampling  of 
the  intra-cavity  energy  distribution  onto  a 
TV  monitor,  as  shown  in  Figure  4.  This  has 
confirmed  there  are  no  significant  hot  spots 
in  the  beam,  and  that  some  burning  of  optics 
•was  due  to  an  inferior  batch  of  coatings. 


TV  CAMERA 


I 


Fig.  4:  Resonator  Monitor. 


Aligning  and  Diagnostics 

Unstable  resonators  have  been  considered 
difficult  to  align.  Our  technique  of 
injecting  an  oversized  collimated  beam  back 
into  the  resonator,  as  shown  in  Figure  5,  is 
working  well.  All  six  resonators  are 
aligned  with  a  single  argon-ion  laser  running 
at  514  nm  wavelength,  a  little  longer  than 
the  operating  wavelength  of  about  508  nm . 
This  extra  6  nm  takes  us  a  little  further 
from  the  trailing  edge  of  the  dye's  pump  band 
absorption  and  so  gives  higher  transmission 
for  the  large  number  of  tranversals  needed. 
The  six  beam-splitters  are  used  to  inject  a 
few  percent  of  the  beam  into  each  of  the 
laser  resonators.  Since  the  aligning  beam  is 
oversized  and  collimated,  only  the  angle  is 
important  at  each  laser,  and  that  is  adjusted 
by  the  beam-splitter  for  that  laser.  The 
beam  in  each  resonator  collapses  on 
successive  passes  to  the  diffractive  core. 
It  then  expands  again  and  finally  re-emerges 
as  an  excellent  simulation  of  the  dye  laser 
beam.  The  sample  reflected  off  the 
birefringent  filter,  onto  the  TV  monitor 
helps  obtain  a  sensitive  and  quick  alignment. 


TO  FURTHER 


ALIGNING  LASER 

Fig.  5:  Alignment  with  argon-ion  laser. 


The  same  beam  splitters  will  direct  a  few 
percent  of  each  outgoing  laser  beam  into  the 
common  diagnostic  path,  as  shown  in  Figure  6, 
for  monitoring  of  energy,  tuning,  pulse-shape 
and  timing,  far-field,  aiming,  etc. 

Each  flash  lamp  is  monitored  by  fiber¬ 
optic  pick-offs  which  are  multiplexed  into  a 
smaller  number  of  diode  sensors,  with 
filtering  to  select  the  dye  pump  band.  The 
approach  is  shown  schematically  in  Figure  7. 
This  shows  how,  for  example,  the  fiber-optic 
pick-offs  from  the  right  hand  lamps  of  a 
number  of  laser  heads  are  multiplexed  to  one 
sensor.  Since  the  different  lasers  are  net 
fired  simultaneously,  the  response  is  tied  to 
the  right  lamp  by  its  timing.  This  approach 
allows  many  more  functions  to  be  monitored 
without  having  an  enormous  number  of  sensors. 
The  various  diagnostics  feed  into  a 
computerized  monitoring  system  which  displays 
and  stores  sampled  information,  with  the 
intent  of  quickly  catching  any  critical 
component  performing  below  standard. 
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Fig.  6:  Diagnostics  and  Alignment  share  the 
same  path. 


THE  TIMING  I  COMPUTER 

rig.  t :  Fiber  optic  multiplexing  for 

monitoring  flash-lamp  performance. 


Spatial  filtering  is  done  with  lenses  of  a 
few  meter  focal  length  to  avoid  burning  of 
apertures,  which  are  typically  about  2  mm 
diameter . 


The  fluid  pipes  and  lamp  cables  penetrate 
the  18”  thick  vertical  optical  bench  through 
waveguide  tubes,  as  shown  in  Figure  8.  These 
prevent  EMI  transmission  at  frequencies  below 
2  GHz.  An  EMI  box  will  cover  the  lasers  to 
complete  the  enclosure,  with  the  laser  light 
also  being  emitted  through  similar 
waveguides.  For  maintenance,  each  laser  head 
can  be  removed  with  its  associated  pipes 
after  uncoupling  behind  the  vertical  bench. 
These  pipes  also  provide  the  manifolding  into 
the  ten  individual  fluid  ports  of  each  laser. 

We  now  move  to  the  back  side  of  the 
vertical  optical  table.  Figure  9  shows  the 
services  penetrating  through  the  wave  guides. 
Remember  that  we  are  still  within  the  screen 
room.  In  the  lower  photograph  can  be  seen 
the  modulators  that  store  the  flashlamp 
energy  in  capacitors.  The  charge  is  supplied 
to  the  capacitors  at  40  kV,  and  then  switched 
into  the  lamps  with  spark  gap  switches.  The 
fluids  come  in,  through  temperature¬ 


equalizing  heat  exchangers  on  ..he  side-walls, 
and  leave  below  the  grating  floor.  The  upper 
photograph  shows  the  modulators  removed  and 
floor  lifted  to  allow  modifications  to  the 

piping . 


Fig.  8:  Manifolding  to  laser  heads  through 
waveguides  to  suppress  EMI. 


Fig.  9:  Modulator  side  of  bench. 


The  manifolding  for  the  fluids  on  the 
outside  of  the  Screen  Room  wall  is 
illustrated  in  Figure  10.  Again  the  fluids 
traverse  the  Screen  Room  wall  through 
waveguides  to  suppress  EMI.  Feedback  systems 
maintain  constant  fluid  pressure  between  the 
inlet  and  outlet  manifolds  for  the  fluids, 
using  variable  speed  pumps.  Thus  the  correct 
flow  conditions  in  active  heads  are 
maintained  independently  of  how  many  heads 
are  actually  flowing  at  any  one  time.  With 
all  lasers  active  there  will  be  360  gpm  of 
dye  solution,  and  240  gpm  of  cooling  water 
flowing . 


Fig.  10:  Manifolding  and  waveguides  into 

Screen  Room. 


e  bcreer.  Room  was  constructed  by  Geiss 
•iates.  The  power  supplies  outside  the 
* r.  room  are  shown  in  the  upper  part  of 
re  11.  They  are  manufactured  by  ALE 
'ration.  The  pipes  from  the  fluid 
.  ing  room  are  in  a  trench  under  the 
no.  The  lower  photograph  is  looking  the 
ite  direction  in  the  same  area  and  shows 
octrois.  This  whole  area  will  be  nearly 
>d  with  pc.  r  supplies  when  the  whole 
cmer.t  is  installed. 


Screen  Room,  Supplies  and  Controls. 


We  now  move  into  the  dye  and  coolant 
handling  room,  shown  in  Figure  12.  Stone  and 
Webster  Engineering  Corporation  designed  this 
equipment  for  us,  with  consultation  from  SAIC 
Inc.  It  was  fabricated  and  installed  by  the 
Eels  Company.  The  design  was  developed  for  a 
flammable  methanol /water  dye  solution,  which 
complicated  the  engineering  enormously. 
Recently  we  found  we  could  use  a  non¬ 
flammable  solution  of  acetamide  in  water.3 
As  a  consequence  we  now  have  an  over¬ 
engineered  system.  With  our  new  knowledge  we 
could  design  a  simpler  system. 


The  system  will  dissipate  1/4  MW  when 
running  at  full  power.  The  heat  exchangers 
shown  in  Figure  13  will  extract  this  heat 
from  the  dye  and  cooling  water  and  reject  it 
to  water  in  a  1 0 , 0 0 0 -ga 1 Ion  underground 
reservoir.  From  there  it  will  be  extracted 
with  a  chiller  at  a  slower  rate  in  between 
experiments.  Alongside  the  heat  exchangers 
we  see  the  coolant  system  with  its  pump  and 
surge  tank. 


HEAT  EXCHANGERS 


SURGE  TANK 


Fig  12:  Fluid-Handling  room. 


Fig.  13:  Cooling  System. 


The  dye  handling  system  is  shown  in  Figure 
14.  It  pumps  360  gpm,  and  will  recycle  the 
dye  solution  in  real  time.  It  uses  activated 
carbon  to  take  everything  (dye  and 
degradation  products)  out  of  a  controlled 
portion  of  the  returning  dye  solution,  and 
then  adds  the  requisite  amount  of  fresh  dye, 
all  within  the  four-minute  round-trip  time  of 
the  system.  Two  variable-speed  pumps  in 
parallel  circulate  the  dye  to  the  lasers. 

An  essential  part  of  the  system  is  the 
pair  of  optical  analyzers  (top  left)  that 
measure  the  degradation  and  the  dye  content 
for  control  of  the  recycling  system.  The 
degradation  shows  up  as  increased  absorption 
in  the  region  of  the  lasing  wavelength,  and 
is  measured  by  the  one-meter  analyzer.  The 
measurement  is  centered  at  550  nm .  At  this 
wavelength  we  are  sufficiently  far  from  the 
edge  of  the  pump  band  that  the  absorption  by 
the  broad-band  degradation  products 
predominate.  To  obtain  a  meaningful  reading 
the  analyzer  length  needs  to  be  approximately 
that  of  the  lasers.  The  analyzer  output  is 
used  to  control  a  variable  speed  pump  which 
diverts  returning  dye  solution  through  the 
banks  of  carbon  cleaning  filters,  shown  top 
right  in  Figure  14. 

The  carbon  cleaning  system  was  immensely 
helpful  in  cleaning  the  initial  contaminants 
out  of  the  system  and  the  solvent  before  any 
dye  was  added.  With  the  analyzers  we  could 
watch  it  cleaning  up  from  less  than  10% 
transmission,  for  the  one-meter  path,  to 
about  70%  during  the  first  few  hours  of 
flowing.  It  took  a  few  weeks  before  the 


solution  st  'fpe.j  gradually  degrading  while 
urr  standing  unused.  The  transmission  for 
u:. degraded  solution  is  about  70%,  with  or 
without  dye.  As  the  solution  degrades,  10% 
further  loss  in  transmission  results  in  about 
.'  '%  loss  in  laser  output.  These  are 
?•••■  1  irr ir.ary  figures.  They  will  be  firmed  up 
with  more  experiments. 


~he  original  plan  was  to  use  50%  methanol 
if-  the  dye  solution,  and  to  add  dye  in  the 
rorm.  of  a  concentrated  methanol  solution. 
The  switch  to  acetamide  presented  a  new 
problem  because  the  solubility  of  dye  in 
acetamide  solution  is  too  low  to  give  a 
practical  concentrate.  Our  consultants  led 
•is  to  the  possibility  of  creating  a  finely 
ground  precipitate  (uf  about  1  gm  dye  to  2  cc 
water)  t:  be  injected  as  necessary.  This 
approach  is  still  under  development  but 
appears  practical.  The  key  is  to  have  the 
suspended  dye  powder  fine  enough  that  it 
dissolves  almost  instantly  when  the 
suspension  disperses  in  the  main  flow. 


OXYOfia 


The  site  is  at  elevated  altitude  and  we 
ad  to  address  the  possible  effect  on  the  dye 
elution.  It  is  well  known  that  the  amount 
f  dissolved  oxygen  can  be  important.4 
issolved  oxygen  is  bad  in  that  it  encourages 
,-e  degradation,  but  it  is  also  known  to  be  a 
riplet  quencher.  In  some  dye  lasers  of  this 
/p°  it  is  possible  to  completely  suppress 
ssing  by  removing  the  dissolved  oxygen, 
ccordmgly  the  system  was  designed  for 
ressurization  and  for  sparging  of  air  or 
■:yger:.  Recent  tests  have  verified  that 
iding  oxygen  does  increase  the  energy 
itput,  as  shown  in  Figure  15.  The  data  is 
it  good  enough  to  tell  whether  the  curve 
irns  over  at  twice  the  sea-level 
pjiiibriated  level,  but  more  oxygen  is 
;rtain.iy  better  up  to  that  point. 


OXYGEN  CONTENT,  rotative  to  equilibrium  at  aaa  level 

Fig.  15:  The  importance  of  Oxygen  control. 


Materials 

Throughout  the  system  care  has  been  taken 
to  use  only  wetted  parts  of  materials  known 
to  be  compatible  with  the  solvent  and  dye. 
They  include  stainless  steel,  polyethylene, 
polypropylene,  and  Buna-N  for  O-rings.  The 
plastic  piping  was  used  mostly  in  the  screen 
room  to  maintain  flexibility  around  the  laser 
heads  and  to  maintain  EMI  integrity  when 
passing  through  waveguides.  The  flexibility 
around  the  laser  heads  makes  alignment 
practical,  and  is  believed  to  suppress  some 
of  the  vibrations  associated  with  the  flow. 


CgpciUgjpn 

The  system  is  now  showing  good  promise  of 
meeting  its  goals,  and  is  already  serving  a 
limited  role  in  supplying  light  for 
experiments.  We  believe,  when  complete,  it 
will  be  the  largest  operating  flashlamp 
pumped  dye  laser.  It  has  been  over¬ 
engineered  because  of  lack  of  some  necessary 
information,  and  we  must  have  a  working 
system.  With  the  information  that  we  are 
developing,  a  simpler  system  could  be  built 
with  the  same  performance.  With  retrofitting 
of  some  of  the  techniques  presented  at  this 
conference  (such  as  spectral  transfer)  the 
sytem  should  provide  more  than  1  kw.  The 
system  would  have  been  simpler  had  it  been 
designed  for  a  non-flammable  solvent. 
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THE  USE  OF  SPECTRAL  CONVERSION  TO  INCREASE  THE  EFFICIENCY  OF 
FLASHLAMP- PUMPED  DYE  LASERS 

Dennis  P.  Pacheco.  Henry  R.  Aldag,  and  Peter  S.  Rostler 
Avco  Research  Laboratory/Textron 
2385  Revere  Beach  Parkway 
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Abstract 

This  paper  describes  a  simple,  but  very  effective  technique  to  increase  the 
efficiency  of  f lashlamp- pumped  dye  lasers.  In  this  approach,  a  second  dye  solution  is 
used  to  spectrally  convert  seme  of  the  lamp  photons  into  the  absorption  band  cf  the 
laser  dye.  Witn  proper  mateniug  ot  the  converter  and  laser  dyes,  we  have  observed  a 
doubling  of  the  laser  output.  Added  benefits  of  this  technique  are  extended  laser  dye 
life  and  a  more  uniform  deposition  of  waste  heat  in  the  gain  medium  (which  yields  a 
better  quality  beam).  The  first  part  of  the  paper  discusses  the  basic  technical  issues 
governing  efficient  dye  laser  operation  and  the  regime  in  which  the  flashlamps  are 
driven.  Next,  some  early  experimental  results  are  described  in  which  significant 
improvements  in  laser  efficiency  were  observed  in  a  laser  device  designed  for  high 
average  power.  In  the  third  part,  we  discuss  the  effect  of  coupling  geometry  on 
converter  photon  usage.  We  describe  a  laser  device  which  has  been  built  utilizing  an 
improved  design  and  present  some  initial  experimental  results.  We  then  present  dye 
spectral  data  and  computer  modelling  designed  to  determine  efficient  pairs  of  laser  and 
converter  dyes  under  our  pump  conditions.  Finally,  the  modelling  is  used  to  compare 
medium  quality  with  and  without  a  converter  dye. 


Introduction  and  Background 


Flashlamp  pumped  dye  lasers  typically  have  energy  efficiencies  of  0. 5-1.0%, 
depending  on  the  dye  and  pumping  conditions.  This  efficiency  is  usually  calculated  as 
laser  output  energy  divided  by  the  energy  stored  in  the  capacitor,  and  so  is  very  nearly 
a  wall-plug  efficiency.  One  of  the  reasons  for  these  low  values  is  the  relatively  poor 
spectral  match  between  the  flashlamp  emission  spectrum  and  dye  absorption  profile.  This 
can  be  understood  from  the  following  arguments.  Saturation  fluxes  for  laser  dyes  are 
typically  on  the  order  of  0.5  MW/cm2.  For  efficient  extraction,  internal  lasing 
fluxes  must  be  several  times  this.  To  achieve  these  levels,  pump  fluxes  need  to  be  > 

0.1  MW/cm2.  This  in  turn  requires  high  flashlamp  blackbody  temperatures  (about  20,000  K) 
and  efficient  coupling  into  the  gain  medium.  The  peak  of  such  a  blackbody  curve  is 
below  the  quartz  cutoff,  and  so  the  laser  dye  is  being  pumped  out  in  the  tail  of  the 
lamp  emission  spectrum  (Figure  1).  The  major  function  of  the  converter  dye  is  to  absorb 
the  plentiful  UV  photons  and  reemit  them  in  the  absorption  band  of  the  laser  dye. 


Figure  2  provides  experimental  verification  of  the  fact  that  the  lamps  are  black 
under  dye- laser  pumping  conditions.  This  figure  shows  measured  flashlamp  spectra  for  a 
7-mm  bote  commercial  lamp  at  two  different  energy  loadings  (solid  curves).  These  data 
were  taken  at  ARL  with  a  carefully  calibrated  optical  multichannel  analyzer  (OMA) .  For 
purposes  of  comparison,  blackbody  spectra  are  superimposed  for  an  8  ysec  pulse  width 
(dashed  curves).  Note  that  as  the  energy  input  is  increased  from  140  to  440  J,  there  is 
a  significant  increase  in  the  visible  output,  which  would  directly  pump  a  laser  dye. 

The  increase  in  the  output  in  the  near  UV,  however,  is  disproportionately  greater.  In 
conventional  designs,  these  UV  photons  ate  either  unabsorbed  by  the  dye  because  of  gaps 
in  the  absorption  spectrum,  or  else  are  absorbed  and  contribute  to  the  photodegradation 
of  the  dye  molecules  and  the  deposition  of  waste  heat  in  the  gain  medium. 


Figure  2  also  shows  that  at  the  lower  energy  loading,  the  lamp  appears  black  down 
to  about  4500  A.  When  the  input  is  tripled,  the  fitting  is  good  down  to  at  least  the 
quartz  cutoff.  Analysis  of  the  kinetics  of  the  plasma  shows  that  this  enhancement  of 
the  UV  corresponds  to  a  significant  increase  in  the  ionization  level  of  the  xenon.  We 
know,  however,  that  the  flashlamp  output  cannot  be  completely  black  under  these 
conditions,  since  this  would  correspond  to  more  energy  out  of  the  lamp  than  was  put  in. 
The  upper  experimental  curve  corresponds  to  prototypical  loading  in  our  dye  laser 
devices.  Increasing  the  energy  input  beyond  this  level  will  increase  the  pump  flux 
somewhat,  but  will  largely  cause  the  blackbody  distribution  to  "fill  in"  well  below  the 
quartz  cutoff,  and  therefore  decrease  overall  efficiency.  The  regime  of  lamp  operation 
for  dye  lasers  can  be  contrasted  with  that  for  solid-state  devices,  in  which  the  energy 
loading  and  effective  temperature  are  much  lower,  and  the  plasma  is  partly  transparent. 
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The  selection  of  a  spectral  converter  to  match  a  given  laser  dye  is  relatively 
straightforward.  The  converter  must  of  course  have  a  high  fluorescence  quantum  yield, 
but  it  need  not  be  a  laser  dye  or  even  an  organic  compound.  It  must  be  sufficiently 
soluble  in  the  solvent  of  interest;  this  eliminates  water  in  some  cases,  since 
relatively  few  dyes  have  a  high  enough  solubility.  Photochemical  stability  is  a  virtue, 
but  it  is  not  critical  since  a  much  higher  concentration  of  photoproducts  can  be 
tolerated  in  the  converter  solution  than  in  the  laser  solution.  Perhaps  the  most 
important  factor  in  making  the  selection  is  the  proper  matching  of  the  spectra.  This  is 
shown  in  Figure  3,  where  we  superimpose  the  absorption  and  emission  spectra  of  Stilbene 
420  (ST420)  on  those  of  Coumarin  504  (C504).  In  both  cases,  the  solvent  is  50%  MeOH/50% 
H2O.  The  hole  in  the  absorption  profile  of  C504  at  360  nm  is  filled  by  the  primary 
absorption  band  of  ST420.  Furthermore,  there  is  good  overlap  between  the  emission  of 
the  ST 4  20  and  the  absorption  of  C504 .  Since  the  emission  profiles  of  dyes  have  a  tail 
on  the  long  -  wave  1  eng th  side,  it  is  preferable  to  choose  a  converter  whose  emission  peaks 
to  the  blue  of  the  absorption  maximum  for  the  laser  dye. 

The  idea  of  spectrally  converting  some  of  the  flashlamp  emission  is  not  new;  a 
number  of  articles  have  dealt  with  this  technique  for  dye  lasers . ( 1* 6 )  Some  work  has 
also  been  devoted  to  improving  the  performance  of  f lashlamp- pumped  solid-state 
lasers. t7'8)  In  this  paper,  we  present  work  performed  at  ARL  which  is  directed 
towards  optimizing  the  effect.  Furthermore,  we  point  out  several  additional  benefits  in 
using  this  technique  that  have  not  been  emphasized  previously. 


Early  Experimental  Results  at  ARL 


Some  of  the  first  spec t r a  1 - conve r s ion  experiments  at  ARL  utilized  a  dye  laser  head 
containing  a  single  dye  channel  and  two  linear  lamps  in  elliptical  reflectors.  In  this 
configuration,  the  pump  light  is  imaged  into  the  dye  solution,  although  the  quality  of 
the  image  is  not  good  due  to  the  finite  size  of  the  emitting  plasma.  The  only  practical 
location  for  the  converter  solution  in  this  head  is  in  the  flashlamp  coolant.  The 
sketch  in  Figure  4  indicates  the  geometry.  Since  the  converter  solution  occupies  a 
larger  annulus  than  the  lamp  plasma,  the  imaging  due  to  the  reflectors  is  even  poorer; 
the  efficacy  of  the  converter  technique  can  still  be  tested  however. 


Representative  results  for  the  combination  of  ST420  and  C504  are  shown  in  Figure 
5.(&)  In  both  photographs,  the  upper  trace  shows  the  current  pulse  through  the 
lamps.  The  lower  trace  records  the  temporal  profile  of  the  laser  output.  In  (B),  no 
converter  dye  was  used,  which  means  that  only  solvent  was  flowed  through  the  water 
jackets.  In  (A),  ST420  was  added  to  the  solvent.  The  energy  enhancement  was  more  than 
75%  in  this  case.  The  overall  improvement  in  system  efficiency  is  shown  in  Figure  6. 
With  C504  as  the  laser  dye  and  ST420  as  the  converter,  efficiencies  in  excess  of  1%  were 
measured.  At  the  highest  energy  input,  the  laser  output  was  more  than  7  j.<6) 


Encouraged  by  the  significant  improvements  in  laser  performance,  we  embarked  on  a 
program  to  optimize  the  effect.  There  were  two  major  thrusts  to  the  work:  (1.)  to 
explore  various  geometries  for  coupling  the  converted  photons  efficiently  into  the  gain 
medium,  and  (2.)  to  obtain  an  extensive  database  on  dye  spectral  properties  to 
efficiently  pair  laser  dyes  with  converters.  The  next  two  sections  deal  with  these 
issues . 


Effect  of  Geometry  on  Converted  Photon  Usage 


As  indicated  earlier,  the  initial  configuration  of  the  experiments  involved  the 
converter  solution  in  the  flashlamp  water  jackets  (depicted  schematically  in  Figure  4). 
This  is  an  inefficient  coupling  scheme,  as  is  shown  in  Figure  7.  The  fluorescence  from 
the  converter  dye  is  emitted  isotropica 1 ly,  and  the  fate  of  each  photon  can  be  examined 
using  geometrical  optics.  The  rays  labelled  A  correspond  to  converted  light  which 
escapes  from  the  water  jacket  and  is  potentially  collected  and  imaged  into  the  gain 
medium.  Ray  B  enters  the  black  plasma  and  is  lost.  Rays  C  are  trapped  by  total 
internal  reflection  (TIR)  and  are  lost  out  the  ends  of  the  water  jacket  or  are  absorbed 
in  the  converter  solution.  Analysis  shows  that  only  about  45%  of  the  converted  photons 
are  potentially  useful.  Even  for  these  photons,  absorption  must  occur  in  a  single  pass 
through  the  gain  medium.  Table  1  summarizes  these  results.  A  mote  efficient  collection 
geometry  is  shown  in  Figure  8.  In  this  scheme,  a  multichannel,  slab  sandwich  is  formed 
using  four  quartz  plates.  To  a  good  approximation,  this  sandwich  is  index- matched 
throughout.  The  inner  channel  contains  the  laser  dye  solution,  while  the  outer  channels 
are  reserved  for  the  converter.  In  this  view,  the  lasing  direction  is  perpendicular  to 
the  figure. 
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Table  1.  SUMMARY  OF  SPECTRAL  CONVERTER  PHOTON  USAGE 
FOR  TWO  DIFFERENT  CONF IGURATIONS 

1.  CONVERTER  IN  WATER  JACKET  (45%  UTILIZATION) 

A)  45%  ESCAPE  (POTENTIALLY  USEFUL,  BUT  MUST  BE  ABSORBED  ON  FIRST  PASS) 

B)  13%  RETURN  TO  FLASHLAMP  (REABSORBED) 

C)  42%  TRAPPED  IN  WATER  JACKET  BY  TOTAL  INTERNAL  REFLECTION  (EVENTUALLY  LOST) 


2.  CONVERTER  LOCATED  IN  CHANNEL  ADJACENT  TO  LASER  DYE  (83%  UTILIZATION) 


A)  17%  ESCAPE  THRU  INCIDENT  SURFACE  (LOST) 


B)  17%  COULD  ESCAPE  THRU  REAR  SURFACE  (POTENTIALLY  USEFUL,  BUT  MUST  BE  ABSORBED 
ON  FIRST  PASS) 


C)  66%  TRAPPED  IN  MULTICHANNEL  SLAB  BY  TOTAL  INTERNAL  REFLECTION 
(ALMOST  ALWAYS  ABSORBED  IN  LASING  DYE) 

With  this  geometry,  converted  pump  light  is  collected  very  efficiently.  About 
half  of  the  fluorescence  originating  in  the  converter  channel  is  emitted  in  the 
direction  of  the  gain  medium.  Most  of  the  photons  that  are  unabsorbed  in  this  first 
pass  get  additional  chances  to  pump  the  laser  dye,  because  they  are  trapped  in  the 
sandwich  by  TtR .  The  other  half  of  the  converter  fluorescence  is  emitted  in  a  direction 
opposite  to  the  gain  medium,  but  much  of  this  is  collected  as  well.  There  is  a  loss 
cone  (based  on  the  index  mismatch)  which  corresponds  to  about  17%  of  the  total  converter 
emission  in  this  case  (Figure  8).  The  balance  of  the  oppositely  directed  photons  are 
again  trapped  by  TIR  and  can  make  repeated  passes  through  the  gain  medium.  In  total, 
about  83%  of  the  converter  fluorescence  makes  at  least  one  such  pass  (Table  1). 

There  ate  other  advantages  associated  with  this  slab  scheme.  High  energy  outputs 
ate  possible  because  of  the  large  pumped  volume  together  with  spectral  conversion.  It 
is  straightforward  to  scale  the  laser  to  even  higher  energies  by  simply  extending  the 
pump  dimension  (the  left-right  dimension  in  Figure  8).  The  laser  actually  becomes  more 
efficient  as  this  is  done,  because  the  end  effects  are  proportionately  smaller. 

We  have  built  a  laser  based  on  the  above  design  principles;  a  photograph  of  the 
device  is  included  as  Figure  9.  The  view  in  the  figure  is  roughly  along  the  laser  axis, 
and  shows  the  three- channel ,  slab  geometry.  The  sandwich  is  pumped  by  four  linear  lamps 
(the  electrodes  are  visible  in  the  figure);  repetition  rates  of  tens  of  Hz  are 
achievable  with  proper  system  design  including  sizing  of  the  pumps.  This  device  is 
presently  being  characterized  at  ARL:  some  preliminary  data  are  presented  in  the  next 
section. 


Spectral  Data  and  Computer  Modelin c 


A  second  emphasis  in  the  development  of  our  spectral-conversion  capabilities  was 
to  establish  a  database  on  a  wide  variety  of  dyes,  and  develop  computer  simulations  to 
predict  the  best  dye  pairings.  A  problem  here  is  to  acquire  self-consistent  datasets 
for  the  dyes  and  solvents  of  interest,  and  store  them  on  disk  for  the  simulation  codes. 
Our  approach  was  to  build  our  own  apparatus  to  characterize  candidate  dye  solutions  in 
terras  of  absorption  spectra,  emission  spectra,  and  quantum  efficiency  as  a  function  of 
wavelength.  This  has  the  twofold  advantage  that  all  the  data  are  recorded  on  the  same 
apparatus  and  any  solvent  can  be  used  in  the  testing.  The  apparatus  itself  was 
described  elsewhere; a  dataset  for  Rhodamine  590  in  50%  MeOH/50%  H2O  is  given  in 
Figure  10.  Detailed  spectra  for  a  number  of  dye  solutions  have  been  recorded  and  stored 
on  disk  for  the  simulation  codes. 
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One  of  the  codes  developed  at  ARL  examines  the  various  converter  candidates  for  a 
given  laser  dye.  The  code  assumes  a  slab  geometry  (as  shown  in  Figure  8),  and  inputs 
measured  lamp  spectra  (e.g..  Figure  2)  and  dye  properties  (e.g..  Figure  10).  The 
outputs  include  the  total  fluorescence  from  the  center  channel  with  and  without  a 
converter  dye.  The  results  without  a  converter  assume  "solvent  only"  flowing  in  the 
outer  channels.  The  code  calculates  the  fluorescence  of  the  laser  dye,  because  an 
accurate  prediction  of  the  laser  output  requires  knowledge  of  a  number  of  cross  sections 
and  rates;  these  are  not  all  known  for  most  dyes.  Calculation  of  the  fluorescence 
enhancement,  however,  is  relatively  straightforward  and  provides  a  good  semiquant itat ive 
measure  of  the  expected  improvement  in  laser  performance. 


Table  2  shows  selected  results  for 
experimental  results  for  the  combina 
laser  output  (Figure  5).  This  is  be 
There  are  two  possible  reasons  for  t 
imaging  pump  geometry  described  earl 
light  in  that  case  brought  some  regi 
lase  without  the  converter  dye.  Thi 
of  the  device.  The  computet  code  as 
does  not  change  when  the  converter 
fluorescence  enhancements,  and  is 
laser  output . 


three  commonly  used  dyes.  Recall  that  our 
of  ST4 20/C504  showed  nearly  a  doubling  of  the 
improvement  than  is  predicted  by  the  code. 
First,  the  ST420/C504  data  were  taken  with  the 
The  more  diffuse  imaging  of  the  converter 
the  gain  medium  above  threshold  that  did  not 
seen  in  the  burn  patterns  taken  at  the  output 
a  slab  geometry  in  which  the  lasing  aperture 
Secondly,  the  code  looks  only  at 
only  a  rough  measure  of  the  increase  in 


tion 
tter 
his  . 
ier  . 
ons  of 
s  was 
sumes 
is  added, 
therefore 


Table  2  . 


PREDICTED  FLUORESCENCE  ENHANCEMENTS  FOR 


SELECTED  DYE  PAIRINGS 


THREE  CELLS  (O.S  cm  WIDE)  PUMPED  FROM  BOTH  SIDES 
MEASURED  LAMP  SPECTRUM  NORMALIZED  TO  1  JOULE/cm2 
PEAK  ABSORPTION  COEFFICIENT  =  6  CM- 1  FOR  BOTH  LASING  AND  CONVERTER  DYES 


LASER  DYE 

CONVERTER  DYE 

NO  CONVERTER 

WITH  CONVERTER 

ENHANCEMENT 

(J/cm2 ) 

(J/cm2) 

CS04 

ST420 

0. 179 

0.253 

1.41 

LD4  2  3 

0.268 

1 . 50 

C445 

0.262 

1.46 

RH590 

LD4  7  3 

0 . 128 

0.243 

1 . 90 

C480 

0.271 

2 . 12 

SR640 

C480 

0 . 107 

0. 189 

1.77 

C52  3 

0.196 

1.83 

Laser  data  that  we  have  taken  in  the  slab  device  show  a  better  correlation  with 
the  code.  Figure  11  shows  oscilloscope  traces  which  demonstrate  the  energy  increase 
obtained  using  LD473  to  pump  RH590.  As  before,  the  upper  trace  represents  the  current 
pulse  through  the  flashlamps.  Actually,  there  are  two  traces  superimposed,  indicating 
that  the  lamp  loading  was  the  same  in  both  cases.  The  lower  traces  show  the  laser 
output  with  and  without  the  converter  dye.  In  this  case,  the  increase  in  energy  output 
is  about  68%.  The  output  coupling  and  dye  concentrations  were  not  optimized  in  this 
experiment,  and  so  further  improvement  should  be  possible.  In  another  experiment,  we 
observed  a  doubling  of  the  laser  output  when  C480  was  used  to  boost  the  output  of  RH590. 


Additional  Design  Advantages  with  Spectral  Conversion 


So  far,  we  have  c 
used.  There  ate  other 
better  medium  quality, 
rapidly  on  exposure  to 
systems  employ  a  pyrex 


oncentrated 
s ignif icant 
It  is  well 
the  near  UV 
f i 1  ter ( 10 )  o 


on  the  increase  in  pump  flux  when  a  converter  is 
benefits  as  well,  such  as  longer  laser  dye  life  and 
known  that  many  laser  dyes  photodecompose  mote 
of  the  f lashlamps . ( 10)  This  is  in  fact  why  some 
r  a  caffeine  solut ion( 11 )  somewhere  between  the 


413 


lamp  and  dye  solution.  (The  disadvantage  of  these  "passive  filters"  is  of  course  that 
the  rich  UV  content  of  the  lamps  is  simply  thrown  away.)  With  a  converter  dye.  the  near 
UV  is  utilized  while  protecting  the  laser  dye  from  rapid  photodegradation.  As  a  result, 
laser  dye  life  comparable  to  the  "pyrex  value"  is  achieved.  In  the  converter  solution, 
on  the  other  hand,  far  higher  concentrations  of  degradation  products  can  be  tolerated 
before  the  solution  loses  its  functionality.  That  is,  in  a  dye  laser  the  output  is  a 
sensitive  function  of  the  distributed  loss  in  the  gain  medium. ( 12 • 13 )  Consequently, 
relatively  small  concentrations  of  absorbers  can  materially  affect  the  output  energy. 

The  function  of  the  converter  solution  is  simply  to  fluoresce  into  the  neighboring  gain 
medium.  Since  the  optical  path  length  involved  is  much  shorter,  the  degradation  of  the 
solution  is  much  less  important. 

Another  benefit  of  using  converters  derives  from  considerations  of  waste  heat 
management.  Since  f lashlamp-pumped  dye  lasers  are  only  on  the  order  of  1-2%  efficient, 
98%  of  the  input  energy  (much  of  which  appears  as  heat)  must  be  dealt  with.  In 
particular,  it.  is  important  to  keep  it  from  the  gain  medium.  The  converter  solution 
absorbs  much  of  the  near  UV  and  emits  photons  that  are  a  better  spectral  match  for  the 
laser  dye.  This  significantly  reduces  the  waste-heat  deposition  in  the  gain  medium. 

The  waste  heat  in  the  converter  solution  is  carried  away  by  the  flow  and  dissipated  in  a 
heat  exchanger.  The  resultant  improvement  in  medium  quality  is  shown  graphically  in 
Figure  12.  In  this  figure,  we  have  used  our  modeling  to  examine  the  differential  heat 
deposition  with  and  without  converter.  As  before,  we  assume  a  slab  geometry  and  input 
measured  lamp  and  dye  spectra.  In  the  top  curve,  RH590  is  used  as  the  laser  dye  while 
the  converter  channels  contain  only  solvent;  the  lower  curve  shows  the  results  when  a 
converter  is  used.  The  concentrations  were  adjusted  to  yield  equal  emission  from  the 
laser  channel.  Note  that  the  concentration  of  the  laser  dye  is  several  times  lower  when 
the  converter  dye  is  present.  As  seen  in  the  figure,  there  is  much  less  waste  heat 
deposited  in  the  gain  medium  with  the  converter;  more  importantly,  the  differential 
deposition  is  significantly  reduced.  The  differences  in  heat  deposition  lead  to 
refractive-index  variations  across  the  gain  medium,  and  this  degrades  medium  quality. 
During  the  pump  pulse,  the  laser  dye  solution  develops  a  thick,  time-dependent  lens 
which  is  hard  to  correct  for  in  the  resonator  design.  Minimizing  this  thermooptical 
distortion  is  important  in  applications  where  good  beam  quality  or  high  spectral  purity 
are  required. 

Analogous  data  for  the  converter  channel  are  presented  in  Figure  13.  The  dye 
solutions  are  the  same  as  for  the  lower  curve  in  Figure  12.  The  dashed  curves  show  the 
individual  contributions  from  the  lamps  on  the  near  and  far  side  of  a  given  converter 
channel.  The  light  from  the  far  side  has  of  course  been  prefiltered  by  the  other 
converter  channel  and,  to  a  lesser  extent,  by  the  gain  medium.  In  this  case,  the 
gradient  in  the  waste-heat  deposition  is  very  large  and  unsymmetric,  leading  to  poor 
medium  quality  during  the  pulse.  Since  the  converter  channels  are  intended  to  be 
nonlasing,  this  is  not  a  problem.  A  major  simplification  in  implementing  a  converter 
scheme  is  that  flow  quality,  heat-deposition  profiles  and  dye  photostability  are  much 
less  critical  than  for  the  laser-dye  channel. 

As  a  final  note,  we  should  emphasize  that  segregating  the  solutions  is  preferable 
to  mixing  the  dyes  together.  Separating  the  dyes  significantly  reduces  the  waste  heat 
deposited  in  the  gain  medium,  and  minimizes  the  possibility  that  excited  states  or 
degradation  products  of  the  converter  dye  will  interfere  with  the  lasing  process.  Our 
modeling  has  shown  that  under  some  conditions  mixtures  of  dyes  in  the  converter  channel 
can  lead  to  further  improvements  in  laser  performance.  In  such  cases,  it  is  especially 
important  to  provide  a  separate  channel  for  the  converters. 
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Fig.  1  Schematic  Comparison  of  20,000  K  Blackbody  Curve  and  Laser  Dye  Absorption  Band 
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SPECTRAL  FLUENCE  (r 


Schematic  Representation  of  Coupling  Geometry  with  Converter  Solution  in  Flashlamp  Water  Jacket 


WITH  TRANSFER 
DYE 

{STILBENE  420) 


WITHOUT  TRANSFER 
DYE 


Fig.  5  Effect  of  Spectral  Conversion  on  l.aser  Output  of  C504.  The  Upper  Trace  in  Each  Photograph  Is  the 
tamp  Current  Pulse;  The  lower  Trace  Is  the  Laser  Output. 


A  WATER  FLOWING  THROUGH  A  PYREX  COOLING  JACKET 
(OUTPUT  COUPLER.  R  *  0  16) 

10  —  O  EG  H20  FLOWING  THROUGH  A  QUARTZ  COOLING  JACKET 
(OUTPUT  COUPLER  R  -  0  101 

O  WATER  FLOWING  THROUGH  A  PYREX  COOLING  JACKET 
IRAQ  DATA  FROM  1982  (OUTPUT  COUPLER  R  *  0.04) 

8  — 

Y  A  SOLUTION  OF  STILBENE  420  '3  5  *  10~4MI  IN  EC.MjO 
FLOWING  THROUGH  A  QUARTZ  COOLING  JACKET  (OUTPUT 
COUPLER  R  -  0  101 


WITH  SPECTRAL  COLOR  CONVERSION 


EFFICIENCY 
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Fig.  6  Output  of  a  F 1 ash  lamp  Pumped  Dye  l.aser  Containing  C504  with  and  without  a  Converter  Oye  (ST420). 


CONVERTER 

SOLUTION 


ONLY  45%  OF  THE  SECONDARY  PHOTONS 
ESCAPE  TO  BE  POTENTIALLY  USEFUL. 


Fig.  7  Converted  Photon  Usage  with  Converter  Solution  in  Flashlamp  Water  Jacket.  See  Table  1  for 
Explanation  of  Rays. 
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TOTAL  INTERNAL  REFLECTION  IS  A  BONUS:  ALMOST  83%  OF 
CONVERTED  PHOTONS  MAKE  AT  LEAST  ONE  PASS  THROUGH  LASER  DYE 


ESCAPE  CONE  17% 
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Fig.  8  Slab  Configuration  Showing  Multiple  Oye  Channels 


Fig.  9  Mash  lamp  Pumped  Dye  l.aser  Built  at  ARL  Which  Implements  a  Three -Channel  Slab  Design 
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Fig.  10  Spectral  Data  for  RH590  in  50%  MeOH/50%  HjO.  Detailed  Spectra  Are  Stored  on  Disk  for  the 
Computer  Simulation  Codes 


LASER  DYE:  RHODAMINE  590  (5  X  10-5  M IS,) 


11  Measured  Laser  Output  for  the  Multichannel  Slab  Device  with  and  without  Converter  Dye 

TOTAL  LAMP  FLUENCE  -  1  J/am* 

EQUAL  EMISSION  FROM  LASER  CHANNEL 


Calculated  Waste  Heat  Deposition  across  Laser  Channel  with  and  without  Converter  Dye.  Oye 
Concentrations  Have  Been  Adjusted  for  F.qual  Emission  f rom  the  Laser  Channel 


TOTAL  LAMP  FLUENCE  =  1  J/cm* 


CONVERTER  CHANNEL 
mm  (0.5  cm  WIDE) 


Calculated  Waste  Heat  Deposition  across  Converter  Channel.  Dye  Concentrations  Are  Same  as  for 
Lower  Curve  of  Figure  12 
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ABSTRACT 

The  design,  construction,  and  testing  of  a  high-average-power  excimer  laser-pumped  dye  oscillator  is  described. 
The  system  is  designed  to  produce  up  to  75  W  of  average  power  in  the  near  uv  at  a  pulse  repetition  rate  of  500  Hz. 

Introduction 

The  wavelength  tunability  and  high  efficiency  of  excimer  laser-pumped  dye  lasers  makes  them  attractive  for 
application  in  photochemical  processes.  A  dye  oscillator  system  designed  to  produce  150  mJ/pulse  at  500  Hz  and  to  be 
tunable  through  the  380-  to  450-nm  spectral  region  has  been  built  and  tested.  The  system  is  based  on  a  single-stage 
power-oscillator  dye  laser  currently  pumped  by  two  XeCI  excimer  lasers.  The  system  is  configured  to  operate  at  up  to 
250  Hz.  To  reach  full  power  500-Hz  operation  either  two  500-Hz,  450-mJ/pulse  excimer  lasers,  or  four  250-Hz  lasers 
would  be  required.  The  following  paragraphs  will  summarize  the  system  performance  as  well  as  system  design  and 
construction. 

Performance  Summary 

First,  the  best  performance  to  date  will  be  summarized.  The  highest  dye  laser  output  yet  attained  is  170  mJ/pulse 
with  a  combined  pump  energy  of  900  mJ/pulse  from  the  two  XeCI  excimer  lasers.  The  best  optical  conversion  efficiency 
(based  on  energy  actually  delivered  to  the  dye  laser)  is  27%.  The  highest  pulse  rate  achieved  to  date  is  240  Hz.  A 
trigger  problem  on  one  of  the  excimer  lasers  prevented  reliable  operation  at  the  full  250  Hz. 

Typical  performance  of  the  excimer  and  dye  lasers  as  a  function  of  pulse  rate  is  summarized  in  Figure  1.  Note  that 
the  excimer  laser  output  decreases  slightly  as  pulse  rate  increases.  Likewise,  the  output  of  the  dye  laser  decreases 
slightly  with  increasing  pulse  rate.  However,  as  shown  in  Figure  2,  the  dye  laser  efficiency  is  essentially  a  constant  with 
increasing  pulse  rate.  The  dye  laser  efficiency  plotted  includes  all  beam  transport  losses  and  is  essentially  the  ratio  of 
dye  oscillator  output  to  excimer  laser  output. 

System  Design  and  Construction 


Dve  Laser  Oscillator 

The  current  dye  laser  oscillator  was  designed  and  constructed  for  use  with  dioxane  as  a  solvent.  Dioxane  is  highly 
volatile,  flammable,  toxic,  and  reactive.  Unfortunately,  it  is  also  the  best  solvent  for  the  Lambda  Physik  TBS  dye  that  was 
used  for  this  series  of  experiments.  Construction  materials  were  primarily  aluminum  and  stainless  steel.  Seals  used 
were  ethylene  propylene  (EPDM)  O-rings,  Swagloks,  and  copper  and  aluminum  gaskets  with  conflat  flanges. 

Two  different  configurations  of  dye  oscillator  were  used.  The  first  of  the  two  concepts  places  the  complexity  in  the 
fabrication  and  assembly  of  the  quartz  dye  cell.  The  result  was  a  fairly  straightforward  design  for  the  dye  cell  holder,  but  a 
very  expensive  dye  cell.  Figure  3  shows  the  dye  cell  holder  with  an  early  version  of  the  dye  cell.  Later  versions  of  the 
dye  cell  were  made  up  of  four  pieces  of  precisely  cut  and  polished  quartz  glued  together  by  an  epoxy  recommended  by 
Master  Bond,  Inc.  of  Hackensack,  New  Jersey.  Since,  dioxane  is  very  nearly  a  universal  solvent,  finding  a  glue  that 
would  not  be  dissolved  was  a  very  difficult  task.  Figure  4  shows  a  cross  section  of  the  dye  cell  holder  and  a  schematic 
drawing  of  a  dye  cell.  The  flow  direction  is  from  top  to  bottom.  After  extensive  testing  of  the  internal  flow  geometry,  it  was 
discovered  that  the  only  flow  straightener  required  was  a  60  mesh  screen  just  downstream  of  the  conical  section.  Fig¬ 
ure  5  shows  what  the  final  configuration  of  dye  cell  actually  looked  like.  Also  shown  is  one  configuration  of  optical 
resonator  used.  The  dye  flow  channel  at  the  pump  region  was  4-mm  wide,  70-mm  long,  and  19-mm  thick.  The  excimer 
pump  beam  dimensions  at  the  dye  cell  were  typically  45-mm  long  and  2-mm  high.  The  excimer  beam  length  was  limited 
to  45  mm  due  to  the  optical  beam  homogenizers  used  to  shape  and  remove  hot  spots  from  the  two  pump  beams. 

After  experiencing  a  great  deal  of  difficulty  in  gluing  the  four  pieces  of  optical-quality  quartz  together  on  a  consistent, 
economical,  and  timely  basis,  we  decided  to  design  a  dye  laser  cell  that  would  use  standard,  round,  flat  optics.  The 
prototype  is  shown  in  Figure  6.  In  this  design,  the  complexity  is  placed  in  the  metal  components,  not  in  those  made  of 
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quad::  r-.-  exc.'"tjr  user  oump  wmcows  m  t.nis  instance  are  2-in.-diam  uncoated  quarts  substrates  Tne  dye  laser 
.v  -ao-AS  .re  ■cj,"-culrt:  substrates  ant  rejection  coated  on  one  side. 

T-e  •  ow  G-rec:  or  s  aga  n  from  too  to  bottom  A  60  mesh  screen  is  again  used  as  a  flow  straightener  between  the 
too  biece  ana  tne  how  mlet  section.  The  flow  imet  section  is  a  computer-designed  contoured  nozzle.  The  pump  region 
’  ow  cross  section  is  4-nm  wide  and  75-mm  long.  Downstream  of  the  pump  region  is  a  constant  angle  diffuser  section.  A 
g>ue  .cm;  is  still  reaured  on  the  2-m.  optics;  however,  the  precision  is  now  in  the  invar  optic  holders  and  not  in  the  quartz. 
Tne  most  c.tficuit  part  of  the  fabrication  of  tms  new  concept  is  the  welding  of  the  four  pieces  of  the  nozzle  assembly 
tegetre'  Tn  s  was  accomplished  oy  use  of  electron  beam  welding.  Figure  7  shows  the  final  design  version  installed  and 
operational 


Dve  Laser  Flow  System 


Several  dye  'aser  now  systems  were  built.  A  compact,  portable  system  is  shown  in  Figure  8.  The  essential 
components  include  a  pump,  a  filter  system,  a  surge  tank/reservoir,  a  heat  exchanger,  and  a  fill  system.  The 
-'strumerta'uon  on  this  system  is  fairly  simple,  consisting  of  mechanical  pressure  gauges,  a  mechanical  flow  meter,  and 

memiocouples. 

Tr-e  most  important  component  of  the  flow  system  is  the  flow  pump.  It  is  very  important  to  match  the  pump  to  the 
pressure  .osses  of  the  fiow  system.  On  the  system  in  Figure  8,  tne  pump  is  a  March  Model  No.  TE-5.5S-MD,  which  would 
Pu-'u  a  maximum  of  15  gpm  at  a  system  pressure  drop  of  11  psig.  This  flow  is  adequate  to  give  a  clearing  ratio  of  3  at 
50 :  Hz  ‘o-  the  present  dye  oscillator.  The  motor  is  1/3  hp.  The  seal  is  a  barrier  type  with  a  magnetic  coupling.  The 
oear  ogs  are  Ru  on  A.  The  shaft  is  alumina  ceramic.  The  housing  and  impeller  are  stainless  steel.  The  O-rings  are 
EPDM 


T”e  ‘  -:er  system  has  an  aluminum  housing  with  EPDM  O-nngs.  The  best  filters  used  were  four  0.1  um  Teflon  filter 
:  m-  eges  manufactured  by  PALL  Corporation.  Milhpore  Corporation  has  a  comparable  product.  Selection  of  the  proper 
•  te'5  s  vey  important  as  very  small  particles  of  dye  and  solvent  reaction  and  decomposition  products  need  to  be 
-e-oved  n  c'cer  to  prevent  optical  damage  of  the  dye  cell  due  to  the  buildup  of  carbon  deposits.  Coarser  filter  cartridges 
.me  "o'  as  e“ect  ve  at  removing  these  particles. 


Or  m  s  particular  flew  system,  the  surge  tank  reservoir  and  the  heat  exchanger  are  combined  in  the  stainless  steel 
ta-k.  ,v " ! c n  s  only  oadly  visible  in  Figure  8.  The  coolant  used  was  a  mixture  of  distilled  water  and  antifreeze  to  eliminate 

cc"c-s  c"  problems. 


Tne  ’arge  tan*  shown  on  the  right  of  Figure  8  is  the  dioxane  loading  and  unloading  tank.  Quick  disconnects  were 
...sec  to  facilitate  rapid  hookup  and  disconnect.  Due  to  a  slight  leakage  through  the  quick  disconnects,  in-line  ball  valves 
were  added  I  ater  as  a  further  safety  feature.  The  dioxane-dye  mixture  was  loaded  into  the  transfer  vessel  in  a  fume  hood. 
Then  the  liqu  d  was  transferred  into  and  out  of  the  flow  system  in  a  normal  laboratory  environment  by  use  of  argon  gas 
pressure  at  the  proper  location.  As  an  additional  safety  feature,  the  appropriate  chemical  face  masks  were  used  during 
transfer  operations. 

Excimer  Lasers 

The  excimer  lasers  used  were  Lambda  Physik  Model  EMG  203  MSC.  The  type  of  excimer  was  XeCI  running  at  308 
nm.  These  lasers  have  produced  1 10  W  at  250  Hz.  At  125  Hz,  an  output  of  0.5  J/pulse  was  typical  on  a  fresh  gas  fill  with 
clean  optics  The  pulse  repetition  rate  was  variable  from  0  to  250  Hz.  Pulse  duration  was  about  35-ns  FWHM.  Power 
intensity  and  energy  variations  were  typically  about  ±3%.  Jitter  from  an  internal  trigger  was  about  ±1.4  ns.  The  output 
fluence  uniformity  over  the  central  75%  of  the  beam  was  within  ±15%.  The  beam  divergence  was  1  mrad  x  4  mrad.  The 
missing  pulse  rate  was  <0,05%.  These  particular  lasers  were  not  equipped  with  cryogenic  gas  processors;  hence,  me 
run  time  to  80%  output  was  only  about  107  pulses.  Other  Lambda  Physik  lasers  with  cryogenic  gas  processors  have 
demonstrated  optics  lifetimes  m  excess  of  108  pulses. 


Conclusions 

Excimer-oumped  dye  lasers  have  been  successfully  run  at  high  pulse  rates  and  at  high  powers  for  hours  at  a  time. 
V e 7  rugged  versions  o<  dye  lasers  have  been  built  and  operated  in  ventilated  enclosures  in  an  environment  not  far 
mmoved  from  that  found  m  a  typical  factory.  Excimer  laser  technology  is  progressing  very  rapidly  and  optics  lifetimes  of 
g'eater  man  iQ8  pulses  have  been  demonstrated.  Hence,  excimer-pumped  dye  lasers  appear  to  be  ready  for  industrial 
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Abstract 

An  integrated-optics  wavefront  sensor  has  been  used  to  measure  the  near-field  phase  and  intensity 
distribution  of  a  flashlamp-pumped,  pulsed  dye  laser.  The  sensor’s  temporal  resolution  allows  ten  200-ns 
snapshots  of  the  wavefront  to  be  taken  during  the  laser's  2-ps,  4MW  peak  power  pulse.  The  time-resolved 
wavefront  measurements  show  large-scale  temporal  fluctuations  of  the  phase  during  a  single  pulse,  which 
explain  the  laser's  previously  measured  poor  beam  quality. 


At  Lincoln  Laboratory  we  are  constructing  a  large,  flashlamp-pumped,  pulsed-dye  laser  system1. 
The  system  is  made  up  of  six  independent  laser  beams,  each  operating  at  10  pulses  per  second  with  an 
energy  output  of  approximately  8  J  per  pulse.  The  average  power  output  of  the  system,  when  complete,  will 
be  approximately  480  Watts,  making  it  one  of  the  largest  flashlamp-pumped  dye-laser  systems  in  existence. 
Recently,  we  have  been  conducting  experiments  with  a  single  laser  beam  of  the  six,  with  the  main  goal  of 
characterizing  the  dye  laser's  energy  and  beam  quality.  This  paper  describes  the  results  of  some  recent 
measurements  made  on  the  dye  laser  using  a  novel  integrated-optics  wavefront  sensor.  The  integrated- 
optics  sensor  is  unique  in  that  it  can  make  measurements  of  phase  and  intensity  with  200-ns  temporal 
resolution.  Thus,  it  is  an  ideal  tool  for  investigating  the  time-resolved  behavior  of  the  wavefront  of  lasers 
with  pulse  durations  on  the  order  of  microseconds. 

Figure  1  shows  a  photograph  of  the  single  laser  and  its  associated  diagnostic  instrumentation 
mounted  on  the  vertical  optical  bench  in  our  test  bed  at  the  Laboratory.  The  laser  is  made  up  of  two 
identical  laser  heads  residing  within  the  same  unstable  resonator.  Dye  solution  flows  longitudinally 
through  each  laser  head,  and  is  pumped  by  a  pair  of  close-coupled  linear  flashlamps,  each  of  which 
supports  a  500-Joule  electrical  discharge.  In  the  present  experiments,  most  of  the  annular-shaped  output 
beam  is  directed  into  a  calorimeter  for  energy  measurement.  A  portion  of  the  beam  is  steered  to  a 
diagnostic  area,  where  either  the  integrated-optics  wavefront  sensor  or  a  far-field  imaging  camera  is  used 
to  measure  the  laser  beam  characteristics. 

A  standard  technique  for  measuring  the  beam  quality  of  a  laser  is  to  determine  the  distribution  of  the 
laser's  output  energy  in  the  far-field.  Figure  2  shows  a  schematic  of  the  arrangement  we  use  to 
accomplish  this  measurement2.  A  small  fraction  of  the  laser's  14-mm  diameter  output  is  taken  to  the  far- 
field  by  focusing  it  with  a  2-m  focal  length  lens.  The  resulting  focal  spot  is  imaged  with  a  radiometrically 
calibrated  64  x  64  CCD  (charge-coupled  device)  camera.  The  CCD  camera  is  interfaced  to  a  MicroVAX 
computer,  allowing  rapid  read-out  and  analysis  of  the  far-field  image.  Figure  3  shows  the  measured  far- 
field  distribution  from  a  single  pulse  of  the  dye  laser.  The  output  energy  for  this  particular  laser  pulse  was 
7  J.  The  camera  array  subtends  a  full  angle  of  about  35  X/D;  this  measurement  indicates  that  the  beam  is 
about  15  times  its  diffraction  limit. 

The  design  goal  for  this  laser  calls  for  operation  with  better  than  5  times  diffraction-limited  beam 
quality.  The  laser  clearly  does  not  meet  this  goal.  This  less  than  satisfactory  beam  quality  could  result  from 
several  different  sources.  Among  the  most  plausible  explanations  for  the  large  beam  divergence  are: 

1)  A  static  aberration  in  the  resonator  optics  or  dye  cell  windows. 

2)  Refractive  index  gradients  in  the  dye  medium  resulting  from  vortices,  cavitation,  or  shear  heating  due  to 
the  very  high  liquid  flow  rates  through  the  dye  cell, 

3)  Refractive  index  gradients  resulting  from  inhomogenous  heating  of  the  dye  fluid  during  the  laser  pulse, 
either  from  pump  light  or  from  absorption  of  the  laser  light  itself. 
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Figure  1.  A  single  flashlamp-pumped,  pulsed  dye 
laser  mounted  on  a  vertical  optical  bench  at  Lincoln 
Laboratory.  The  CCD  camera  is  used  for  measuring 
the  far-field  energy  distribution  of  the  laser  The 
integrated-optics  wavefront  sensor  is  mounted  on  the 
horizontal  portion  of  the  optical  bench. 


Figure  2.  Schematic  diagram  of  the  arrangement 
used  to  measure  the  laser's  far-field  energy 
distribution. 
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Figure  3.  Measured  far-field  energy  distribution  for  a 
single  laser  pulse.  The  total  energy  in  this  pulse  was 
7  Joules.  The  64  x  64  CCD  array  subtends  about  35 
A/D,  thus  the  laser  is  about  15  times  its  diffraction 
limit. 
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Note  that  for  case  3,  the  aberration  would  tend  to  vary  during  the  envelope  of  the  laser  pulse,  whereas  for 
case  2,  the  aberration  would  be  different  for  every  individual  laser  pulse,  but  would  be  static  for  the  duration 
of  the  pulse.  We  can  thus  distinguish  between  the  possible  reasons  for  the  poor  beam  quality. 

Earlier  attempts  to  measure  static  aberrations  such  as  would  be  produced  by  cases  1  and  2  above 
proved  unsuccessful.  These  measurements  involved  shear  interferometry  of  the  dye  laser  output.  It  is 
clear  that  any  evolution  of  the  laser  wavefront  during  the  pulse  would  destroy  the  contrast  of  the 
interferogram,  so  we  concluded  that  the  degradation  of  the  beam  quality  was  due  to  dynamic  refractive 
index  gradients  in  the  dye  solution  during  the  laser  pulse.  This  provided  the  motivation  for  using  a 
diagnostic  instrument  like  the  integrated  optics  wavefront  sensor,  which  can  resolve  changes  in  the  output 
phase  of  the  dye  laser  during  a  single  pulse. 

Figure  4  shows  a  schematic  view  of  the  wavefront  sensor3.  It  consists  of  several  optical  waveguides 
diffused  into  a  one-dimensional  array  on  a  LiNbC>3  substrate.  The  waveguides  are  arranged  in  an 
alternating  sequence  of  Mach-Zehnder  interferometers  (Y-junctions)  and  straight  guides,  with  a  total  of  20 
interferometers  on  the  substrate.  The  local  gradient  of  the  input  beam’s  wavefront  is  computed  from  the 
ratio  of  each  interferometer's  output  to  the  outputs  of  its  neighboring  straight  waveguides  via  the 
relationship. 


<(>n  =  2  COS'1 


4VPnPn+l 


(1) 


where  P$n  is  the  power  (or  intensity)  output  from  the  n-th  interferometer,  Pn  is  the  power  output  from  the 
n-th  straight  waveguide,  and  <t>n  is  the  phase  gradient  of  the  incoming  wavefront  in  the  locale  of  the  n-th 
interferometer  (along  the  direction  of  the  array).  The  factors  Bn  take  into  account  any  losses  in  the  Y- 
juctions  of  the  interferometers,  and  are  determined  from  pre-experiment  calibration  measurements  with  a 
planar  wavefront. 

To  measure  the  intensity  of  the  light  exiting  the  waveguides,  an  array  of  CCD  cells  with  on-chip 
buffer  storage  is  used,  as  shown  in  figure  5.  A  single  row  of  imaging  CCDs  integrates  the  output  of  the 
waveguides  for  times  as  short  as  200  ns,  after  which  the  accumulated  charge  is  shifted  into  the  buffer 
storage  via  a  row  of  transfer  cells,  the  imaging  row  is  cleared,  and  integration  begins  again.  There  is 
enough  buffer  storage  in  the  array  to  make  ten  separate  measurements.  Typically,  during  experiments 
with  the  dye  laser,  each  integration  time  is  of  200-ns  duration,  giving  a  total  observation  time  of  2  ps.  At  the 
end  of  the  laser  pulse,  the  ten  measurements  have  been  made,  and  the  charge  in  each  buffer  storage  cell  is 
sequentially  digitized  and  transferred  to  a  computer  for  analysis.  The  wavefront  gradients  are  computed 
from  the  waveguide  intensities.  The  laser  wavefront  is  obtained  by  integrating  the  calculated  gradients. 


1 


Figure  4.  Schematic  diagram  of  the  integrated-optics 
wavefront  sensor.  An  alternating  sequence  of 
straight  optical  waveguides  and  Mach-Zehnder 
interferometers  allows  measurement  of  the 
wavefront  phase  gradients. 
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Figure  6.  Experimental  arrangement  for  measuring 
the  aberration  produced  by  the  flowing  dye  solution. 
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The  first  series  of  wavefront  sensor  measurements  were  of  aberrations  induced  solely  by  the  flow  of 
the  dye  solution  through  the  dye  cell.  The  measurements  were  made  by  passing  an  expanded,  diffraction- 
limited  argon-ion  laser  beam  directly  through  a  single  dye  cell  and  into  the  wavefront  sensor.  For  these 
measurements,  as  shown  in  figure  6,  the  resonator  optics  were  removed  and  the  sensor  measured  the 
phase  gradients  along  a  4-mm  slice  through  the  center  of  the  12-mm  dye  cell  aperture.  Figure  7  shows  a 
surface  plot  of  the  flow-induced  wavefront  aberrations.  Ten  separate  measurements  of  the  phase  were 
made,  each  with  a  100-ps  integration  time.  Note  that  the  magnitude  of  the  aberration  is  small,  and  there 
are  no  temporal  fluctuations  even  on  a  millisecond  time  scale.  Even  though  during  operation  the  laser 
beam  would  sample  this  static  aberration  more  than  once,  it  is  not  large  enough  to  cause  the  poor  beam 
quality  discussed  earlier. 

Figure  8  shows  the  experimental  arrangement  used  for  making  the  measurements  of  the  time- 
resolved  dye  laser  wavefront.  A  fraction  of  the  laser  output  is  sent  through  optics  which  image  its  near¬ 
field  onto  a  mask  which  is  of  the  same  dimensions  as  the  active  input  area  of  the  interferometer  array.  The 
mask  is  then  imaged  onto  the  waveguide  inputs.  The  light  exiting  the  array  of  interferometer  and  straight 
waveguides  is  then  imaged  into  the  CCD  array.  The  magnifications  of  the  imaging  optics  are  arranged  so 
that  the  sensor  measures  the  wavefront  in  a  radial  slice  through  the  annular  dye  laser  output  beam.  The 
results  of  ten  200-ns  measurements  during  a  single  2-)is  long  dye-laser  pulse  are  shown  in  figure  9,  and 
the  total  intensity  seen  by  the  straight  waveguides  as  a  function  of  time  is  shown  in  figure  10.  The  observed 
wavefront  fluctuations  are  large  in  amplitude,  and  there  is  a  great  deal  of  temporal  variation.  One  can  see 
that  early  in  the  pulse,  the  overall  tilt  of  the  laser  output  is  in  one  direction,  during  the  middle  of  the  pulse 
in  the  other  direction,  and  then  back  in  the  original  direction  in  the  later  part  of  the  pulse.  These  large  (on 
the  order  of  1  wave  of  tilt)  changes  in  phase  during  the  laser  pulse  are  certainly  consistent  with  poor  beam 
quality. 

With  these  time-resolved  near-field  phase  and  intensity  measurements  in  hand,  we  wish  to  know 
whether  they  are  consistent  with  the  measured  far -field  intensity  distribution.  To  make  the  comparison, 
we  calculate  the  far-field  energy  distribution  from  the  near -field  phase  and  intensity  provided  by  the 
wavefront  sensor.  Since  the  sensor  is  only  capable  of  measurements  along  a  radial  slice  of  the  beam,  we 
must  first  assume  that  the  intensity  and  phase  fluctuations  in  the  beam  are  cylindrically  symmetric  about 
the  laser  axis.  Using  this  assumption,  we  can  take  the  ten  measured  near-field  phase  and  intensity  time 
slices  and  convert  each  into  an  annular  "near-field".  By  taking  the  Fourier  transform  of  each  time-slice, 
and  then  adding  the  resultant  calculated  intensities  together,  we  produce  the  calculated  far-field  energy 
distribution.  The  results  of  this  calculation  appear  in  figure  11.  One  can  see  the  good  qualitative 
agreement  between  this  calculated  far-field  and  the  measured  far-field  energy  distribution  of  figure  3. 
These  results  confirm  that  to  first  order,  the  wavefront  sensor  measurements  are  consistent  with  a  laser 
that  is  about  15  times  its  diffraction  limit. 


Figure  7.  Surface  plot  of  the  flow-induced 
aberrations.  Note  that  the  aberration  is  static  for 
times  greater  than  1  msec,  and  is  insufficient  to 
cause  the  poor  beam  quality. 
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Figure  8.  Experimental  arrangement  for  measuring 
the  time-resolved  dye  laser  wavefront. 


Figure  9.  Results  of  the  time-resolved  laser 
wavefront  measurements.  Ten  separate 
measurements  of  the  phase  are  made  during  the  2-ps 
laser  pulse.  The  large  temporal  variation  during  the 
pulse  and  the  high-frequency  spatial  variations  are 
consistent  with  the  laser's  poor  beam  quality. 
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Figure  10.  Total  laser  intensity  as  a  function  of  time, 
as  seen  by  the  straight  waveguides  in  the  wavefront 
sensor  array.  These  data  are  from  the  same  laser 
pulse  whose  wavefront  is  shown  in  figure  9. 
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Figure  11.  Far-field  energy  distribution  calculated 
from  the  data  of  figure  9.  The  good  agreement  with 
the  measured  far-field  distribution  of  figure  3 
demonstrate  that  the  wavefront  sensor 
measurements  are  consistent  with  the  observed  laser 
characteristics. 


The  results  of  our  measurements  confirm  that  the  poor  beam  quality  of  the  dye  laser  is  most  probably 
due  to  rapidly  varying  aberrations  in  the  dye  medium  during  the  dye-laser  pulse.  These  aberrations  could 
be  due  to  inhomogeneities  in  the  pumping  light,  or  to  self-heating  by  absorption  of  the  laser  light  itself. 
Beam  quality  improvements  could  therefore  be  expected  by  reducing  the  heat  load  on  the  dye  solution, 
minimizing  solution  absorption  in  areas  away  from  the  dye's  pump  absorption  band,  or  converting  "waste" 
light  of  wavelengths  shorter  than  the  dye  pump  band  into  useful  light  by  other  dyes  or  spectral  transfer 
agents4’5. 

In  summary,  we  have  used  a  novel  integrated  optical  wavefront  sensor  to  measure  the  near-field 
phase  and  intensity  fluctuations  during  the  2-ps  pulse  of  a  flashlamp-pumped  dye  laser.  The  sensor  has  a 
200-ns  temporal  resolution,  making  it  the  fastest  known  device  of  its  kind.  The  temporal  resolution  of  the 
present  device  was  limited  only  by  the  transfer  speed  of  photoelectrons  in  the  CCD.  It  is  worth  noting  that 
CCDs  have  recently  been  produc,  i  with  charge  transfer  times  on  the  order  of  1-ns6,  making  it  possible  to 
measure  the  dynamics  of  laser  wavefronts  with  unprecedented  nanosecond  resolution.  There  can  be  no 
argument  that  such  devices  would  help  extract  the  physics  inherent  in  the  development  and/or 
improvement  of  short-pulse  lasers. 
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Abstract 

Miniature  laser  devices  operating  in  the  blue  -  green  spectral  region  are  interesting  for  a  variety  of  applications  including  optical 
data  storage,  color  displays  and  underwater  optical  communications.  Nonlinear  optical  techniques  can  be  combined  with  GaAlAs 
diode  laser  technology  to  yield  compact  sources  of  blue  light.  Most  of  the  recent  work  on  nonlinear  laser  designs  has  concentrated 
on  frequency  doubling  of  diode-laser-pumped  1064-nm  Nd:YAG  lasers  to  produce  green  light  at  532  nm.  Here,  we  report  on  Mo 
approaches  for  the  generation  of  blue  radiation  using  second-harmonic  and  sum-frequency  generation  of  diode-laser-  pumped  Nd: 
YAG  lasers.  We  have  developed  a  very  efficient  diode-laser-pumped  Nd:YAG  laser  operating  at  946nm  on  the  4F1,3  -*  4I9  2  transi¬ 
tion.  Lsing  KNbOj  as  the  nonlinear  crystal,  approximately  3  mW  of  output  power  at  473-nm  was  produced  by  intracavity 
second-harmonic  generation.  Investigations  of  nonlinear  processes  in  KTi0P04  (KTP)  showed  that  sum-frequency  mixing  of 
1064-nm  and  809-nm  radiation  is  non-critically  phasematched  at  room  temperature.  Since  the  809nm  mixing  wavelength  coincides 
with  a  strong  absorption  line  of  Nd:YAG,  intracavity  frequency  mixing  of  a  1064-nm  Nd:YAG  laser  and  its  809-nm  pump  source 
can  be  employed  for  efficient  generation  of  459-nm  radiation.  The  exceptionally  large  temperature  and  angle  tolerances  of  this 
non-critically  phasematched  frequency-mixing  process  are  advantageous  for  practical  device  applications.  This  intracavity  sum- 
frequency  mixing  scheme  permits  high-speed  modulation  of  the  blue  output  by  direct  modulation  of  the  809-nm  pump  source.  Short 
pulses  of  5-ns  duration  were  generated  by  direct  modulation  of  the  diode-laser  injection  current. 

Introduction 

The  advent  of  high-power  GaAlAs  laser  diodes  has  sparked  interest  in  blue  sources  based  on  nonlinear  frequency  upconversion 
of  the  near-infrared  laser-diode  light.  Direct  nonlinear  upconversion  of  GaAlAs  laser  diodes  is  possible1,  but  the  poor  spectral  and 
spatial  mode  properties  of  high-power  laser  diodes  limits  their  suitability  as  sources  for  direct  frequency  upconversion.  However, 
GaAlAs  diode  lasers  are  excellent  pump  sources  for  solid-state  lasers,  and  the  narrow  spectral  bandwidth  and  TEM0„  mode  of 
diode-laser-pumped  solid-state  lasers  are  well-suited  to  frequency  upconversion  by  second-  harmonic  generation  or  sum-frequency 
mixing.  Two  nonlinear  mechanisms  for  frequency  upconversion  of  diode-pumped  solid-state  lasers  are  discussed  here.  Both  are 
based  on  processes  in  non-centrosymmetric  crystals.  Intracavity  frequency  doubling  of  a  diode-laser-pumped  946-nm  Nd:  YAG 
laser  produces  blue  light  at  473  nm.  Intracavity  frequency  mixing  of  the  pump  and  laser  fields  of  a  diode-laser-pumped  1064-nm 
Nd:  YAG  laser  was  used  to  produce  459-nm  ligh'. 

Intracavity  Frequency  Doubling  of  a  946-nm  Diode-Laser-Pumped  Nd:  YAG  Laser 

Diode-laser-pumping  of  the  4F3;2  -*  “1,^  Nd:YAG  transition  at  1064-nm  has  been  studied  extensively  and  combined  with 
intracavity  frequency  doubling  to  produce  miniature  green  sources  at  532  nm  J.  Diode-laser-pumping  of  the  4F3£, -»4I9  2  transition 
at  946-nm  is  also  of  interest  since  frequency  doubling  of  this  wavelength  would  produce  blue  light  at  473  nm.  However,  the  gain 
cross-section  of  the  946-nm  transition  is  roughly  an  order  of  magnitude  lower  than  that  for  the  1064-nm  transition,  and  the  946-nm 
transition  terminates  at  the  857  cm'1  Stark  component  of  the  4  I9/2  ground-state  manifold,  producing  a  reabsorption  loss.  As  a  result, 
diode-laser-pumped  operation  of  a  946-nm  laser  is  more  difficult  than  diode-laser-pumping  of  the  1064-nm  laser.  Despite  these 
problems,  a  946-nm  Nd:  YAG  laser  can  be  efficiently  pumped  by  high-power  laser  diodes3.  Potassium  niobate  (KNbOj)  can  be  used 
for  efficient  frequency  doubling  of  the  946-nm  radiation.  Non-critical  phase-matching  can  be  achieved  if  the  KNbOj  is  heated  to 
~  I85°C,  and  this  approach  was  used  by  Dixon,  et  al.4,  for  frequency  doubling  of  a  946-nm  Nd:  YAG  laser  pumped  by  a  visible  dye 
laser.  Here,  we  use  angle-tuned,  type  1  phase-matching  to  achieve  efficient  frequency  doubling  at  room  temperature. 

Figure  I  shows  the  experimental  configuration  used  for  diode-laser  pumping  of  the  946-nm  Nd:  YAG  laser.  A  near- 
hemispherical  resonator  was  used.  The  flat  front  face  of  the  Nd:YAG  crystal  served  as  the  input  mirror,  which  was  coated  for  high 
reflectivity  (>  99.9%)  at  946nm  and  high  transmission  (~92%)  at  the  809-nm  pump  wavelength.  The  flat  exit  face  of  the  Nd:YAG 
crystal  was  antireflection-coated  at  946nm.  The  l-mm  length  of  the  Nd:YAG  crystal  was  chosen  as  a  compromise  between  making 
the  crystal  long  to  increase  the  pump  absorption  and  making  it  short  to  reduce  the  reabsorption  loss3,6.  The  curved  (r  =  5  cm)  output 
mirror  had  a  transmission  of  0.16%  at  946  nm.  In  addition,  the  mirror  had  sufficient  transmission  at  1064-nm  to  suppress  oscil¬ 
lation  of  the  4F3  2-v4111/2  transition.  The  laser  was  pumped  with  a  broad-area  GaAlAs  laser  diode  (Sony  SLD-303-V).  An 
anamorphic  lens  system  was  used  to  collimate  and  focus  the  diode-laser  output  in  the  laser  crystal.  The  focused  pump  beam  was 
nearly  circular  and  had  a  waist  ( I /e2)  of  approximately  40 ftm  in  the  laser  crystal.  Temperature  tuning  of  the  laser  diode  was  used 
to  maximize  the  absorption  40  %)  of  the  pump  light.  Taking  into  account  the  transmission  of  the  input  coating,  37%  of  the  pump 
light  incident  on  the  input  mirror  was  absorbed  in  the  l-mm  long  Nd:  YAG  crystal.  For  efficient  frequency  doubling  the  3.7-mm 
long  KNbOj  crystal  was  placed  in  close  proximity  to  the  Nd:YAG  laser  crystal  near  the  cavity  waist. 
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Figure  2  shows  the  946-nm  output  power  as  a  function  of  the  diode-laser  pump  power.  Without  the  KNb03  crystal  in  the  cavity 
the  lasing  threshold  was  reached  with  57.8  mW  of  incident  pump  power;  the  slope  efficiency  near  threshold  was  2.2%,  and  increased 
to  3.6%  well  above  threshold.  The  increase  in  slope  efficiency  with  pump  power  is  generally  present  in  any  optically-pumped 
solid-state  laser,  but  is  more  pronounced  when  the  cavity  loss  is  dominated  by  reabsorption  losses  which  saturate  at  high  laser 
powers0  When  the  3.7-mm  long  KNbOj  crystal  was  inserted  into  the  the  cavity,  the  threshold  increased  to  85.6  mW  and  the  slope 
efficiency  decreased  to  0.62%  due  to  the  additional  loss  introduced  by  the  nonlinear  crystal. 

The  loss  of  the  KNbOj  crystal  can  be  estimated  by  comparing  the  threshold  and  slope  efficiency  of  the  946-nm  laser  with  and 
without  the  KNb03  crystal  in  the  cavity.  The  round-trip  loss  of  the  cavity  alone  was  determined  to  be  0.25%;  the  additional  loss 
of  the  KN'b03  crystal  w  as  0.55%.7 
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FIGURE  1:  Experimental  configuration  for  the  diode- 
laser-pumped  946-nm  N'dsYAG  laser  with  intracavity  fre¬ 
quency  doubling. 
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FIGURE  2:  Output  power  at  946  nm  versus  diode-laser 
pump  power  with  and  without  the  KNbOj  crystal  present 
in  the  cavity. 
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FIGURE  3:  Blue  473-nm  output  power  and  corresponding 
946-nm  output  power  verrur  diode-laser  pump  power. 
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functions  of  the  809-nm  source  by  using  two  809-nm  sources:  one  that  is  used  only  to  pump  the  Nd:YAC«  laser  and  a  second  809-nm 
source  that  has  the  correct  polarization  to  participate  in  the  sum-frequency  mixing  process  (Figure  6).  Figure  7  shows  the  459-nm 
output  power  produced  using  an  infrared  dye  laser,  a  narrow -stripe  laser  diode  (Spectra  Diode  l.abs  SD1.-I4I0-C),  and  a  broad-area 
high-power  laser  diode  (Sony  SI.D-302-V)  as  the  second  809-nm  source  for  intracavity  frequency  mixing  as  illustrated  in  Figure 
6.  lhe  809-nm  input  power  was  limited  to  <12  m\V,  the  maximum  power  available  from  the  narrow-stripe  GaAlAs  diode  laser. 
I  he  Nd:\  \Ci  laser  was  pumped  with  a  200-m\V  coherent  laser  array  (SDI,  2420)  and  the  1064-nm  power  circulating  inside  the 
resonator  was  ~  6  W  (unpolarized).  The  relatively  low  power  of  the  second  809-nm  source  (<  12  m\V)  made  no  significant  con¬ 
tribution  to  the  pumping  of  the  Nd:YACJ  laser.  Consequently,  the  blue  output  power  increased  linearly  with  the  809-nm  power  of 
the  mixing  laser  (see  Figure  7).  It  is  obvious  from  Figure  7  that  the  frequency  mixing  efficiency  obtained  with  the  narrow  stripe 
diode  laser  is  almost  as  large  (~80%)  as  that  obtained  with  the  TKMqq  infrared  dye  laser.  The  output  of  this  diode  laser,  which 
operated  in  a  single  longitudinal  mode,  was  collimated  with  a  0.6  N.A.  lens  and  circularized  with  a  3X  anamorphic  prism  pair.  The 
broad-area  laser  diode  was  collimated  with  a  0.6  N.A.  lens  and  circularized  by  a  telescope  composed  of  two  cylindrical  lenses.  The 
blue  power  generated  with  this  source  is  only  ~27%  of  that  obtained  with  the  dye  laser. 

1  he  decreased  efficiency  evident  when  diode  lasers  arc  used  for  mixing  must  be  attributable  to  cither  the  broader  spectral 
bandwidth  of  the  diode  lasers  or  to  the  poor  spatial  mode  characteristics  of  the  diode  lasers.  The  spectral  bandwidth  of  the  mixing 
process  has  been  measured  to  be  3.3  nm  (FAN  IIMf,  so  that  there  should  be  little  loss  in  efficiency  due  to  spectral  considerations, 
e'en  in  the  case  of  high-power  laser  diodes  whose  multimode  outputs  typically  have  spectral  widths  of  2-3nm.  In  order  to  analyze 
the  correlation  between  the  spatial-mode  quality  of  the  mixing  laser  and  the  blue  output  power,  the  spot  sizes  of  the  focused  809-nm 
beams  were  measured  using  a  television  camera.  The  focused  dye  laser  spot  had  a  circular  Ciaussian  intensity  distribution  with  a 
1/c*  waist  of  —  I  Ipm.  The  focused  spot  of  the  narrow-stripe  diode  laser  was  found  to  have  an  elliptical  tiaussian  distribution  with 
waists  of  —  28/zm  and  21/zm  along  the  major  and  minor  axes  of  the  ellipse.  The  intensity  distribution  of  the  focused  broad-area 
CiaAIAs  diode  laser  is  somewhat  irregular  but  can  be  approximated  by  an  elliptical  Claussian  profile  with  minor-  and  major-axes 
waists  of  ~47pmand  ~l20/im,  respectively.  The  beam  waist  of  the  l'EM#,  1064-nm  intracavitv  radiation  was  calculated  based 
on  the  cavity  geometry  to  be  —  35,um.  With  these  values  for  the  beam  waist,  the  relative  frequency-mixing  efficiencies  for  the 
narrow-stripe  and  the  hroad-arca  diode  lasers  are  calculated  to  be  83%  and  22%,  respectively.  The  good  agreement  of  these  results 
with  the  experimental  observations  suggests  that  the  different  conversion  efficiencies  obtained  for  the  three  809-nm  lasers  can  be 
fully  explained  by  the  differences  in  the  focused  spot  sizes.  When  the  pow  er  of  the  broad-area  diode  laser  was  increased  to  120mW, 
50/z  W  of  blue  output  was  generated.  In  this  case,  the  power  of  the  809-nm  mixing  laser  was  comparable  to  the  pump  power  provided 
by  the  CiaAI  As  laser  array  and.  consequently,  lead  to  a  substantial  increase  of  the  1064-nm  power  compared  to  pumping  with  the 
diode-laser  array  alone.  \\  hen  the  power  of  the  mixing  laser  contributes  significantly  to  pumping  of  the  \d:YA(>  laser  the  459-nm 
output  varies  nonlinearly  with  the  809-nm  mixing  power  and,  in  the  high-power  limit,  will  have  a  quadratic  dependence  on  input 
power. 

A  number  of  straightforward  improvements  could  be  used  to  increase  the  blue  output  pow.  r  over  the  present  results.  Polarizing 
the  1064-nm  laser  field  would  yield  a  factor  of  2  increase  in  the  blue  output  power.  Increasing  the  power  of  the  diode  laser  pumping 
the  Nd:  A  AG  laser  from  200  mW  to  1  W  would  yield  a  factor  of  5  improvement.  Recently,  150  mW  output  power  from  a 
narrow-stripe  single-frequency  CiaAIAs  diode  laser  was  reported14,  and  the  use  of  such  a  device  for  frequency  mixing  would  permit 
an  increase  in  the  blue  output  power  by  more  than  an  order  of  magnitude  compared  to  the  present  case.  Scaling  of  the  experimental 
results  of  Figure  7  to  include  these  improvements  predicts  a  459-nm  output  power  in  the  milliwatt  range.  An  equivalent  increase 
in  output  power  might  also  be  achieved  using  a  high-power  broad-area  diode  laser  with  better  focusing  optics. 


I  IGi:RH  fi:  F.xperimenta!  configuration  used  to  separate 
the  pumping  and  mixing  functions  of  the  809-nm  source. 
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Figure  3  shows  the  blue  output  power  at  473  nm  ami  the  corresponding  output  power  at  946  nm  as  a  function  of  diode-laser  pump 
power.  The  KNbOj  crystal  was  placed  approximately  0.5mm  away  from  the  Nd:  YAK  crystal.  Since  the  output  mirror  had  a 
transmission  of  only  50°  o  at  473  nm,  the  blue  power  incident  on  the  output  mirror  was  approximately  twice  as  large.  Blue  radiation 
is  generated  by  the  two  countcrpropagating  components  of  the  circulating  946-nm  laser  field.  Approximately  28%  of  the  blue  power 
generated  by  the  fundamental  field  passing  through  the  KNbOj  crystal  in  the  direction  of  the  input  mirror  is  reflected  back  towards 
the  output  mirror.  At  420  m\V  of  diode-laser  pump  power,  3.1  m\V  of  473  nm  radiation  was  emitted  through  the  output  mirror, 
indicating  that  6.2  m\V  were  impinging  onto  the  mirror.  Approximately  4.4  m\V  of  473-nm  radiation  were  generated  by  the  one-way 
passage  of  the  946-nm  radiation  through  the  crystal;  an  additional  1.8  m\V  of  blue  power  were  due  to  reflections  from  the  input 
mirror.  The  946-nm  laser  oscillated  in  a  TEMlnl  mode  with  and  without  the  KNbOj  crystal  present  in  the  resonator.  The  blue 
output  mode  had  a  uniform  intensity  distribution  which  appeared  to  be  essentially  gaussian. 


Sum-Frequency  Generation  of  459-nm  Radiation  in  K  l  iOI'O, 

The  nonlinear  material  KTiOI’O.  (KTP)  permits  Tv  pcTl-phascmatchcd  frequency  doubling  of  1064nm  radiation,  and  is  fre¬ 
quently  used  in  SHG  experiments  with  Nd:YAK  lasers.*,!f'9  Keccnt  reexaminations  of  nonlinear  processes  in  K  I  P  have  shown  that 
sum-frequency  mixing  of  1064-nm  and  809-nm  radiation  is  non-critically  phasematched  at  room  temperature. 1(1  Additional  studies 
of  sum-frequency  mixing  in  K  TP  including  calculations  based  on  Sellmeier's  equations  have  recently  also  been  reported  in  kef.  1 1 
and  12.  In  the  non-critical  phasematching  configuration  the  beams  propagate  down  the  crystallographic  b-axis  with  the  1064-nm 
light  polari/cd  parallel  to  the  a-axis  and  the  809-nm  light  parallel  to  the  c-axis.  The  generated  sum-frequency  radiation  at  459nm 
is  polarized  along  the  a-axis.  As  shown  in  Figure  4,  the  wavelength  that  results  in  optimally  phasematched  frequency  mixing  with 
1064-nm  light  coincides  with  the  well-known  809-nm  absorption  peak  of  the  4I9 ,  — ►  *F3 pump  transition  of  Nd:YAK.,u  T  his  coin¬ 
cidence  can  be  utilized  for  the  construction  of  a  compact  blue  laser  device  based  on  frequency  mixing  of  a  Nd:YAG  laser  and  its 
809-nm  pump  source.  The  3.3-nm  (FWIIM)  phasematching  bandwidth  permits  efficient  sum-frequency  mixing  even  with  K&AlAs 
diode  lasers  that  operate  in  several  longitudinal  modes.  Detailed  studies  of  this  frequency-mixing  process  showed  that 
phasematching  occurs  over  an  unusually  wide  temperature  range  of  -50'’C  to  300  ’C."1  The  acceptance  angles  for  rotation  of  the 
incident  beams  about  the  crystallographic  c  and  a  axes  are  18“  and  8“  (FWIIM),  respectively.  The  wide  temperature  and  angle 
tolerances  of  this  nonlinear  optical  process  are  very  advantageous  for  practical  device  applications. 
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FIGURE  5:  Experimental  set-up  for  in*rncavity  mixing  of 
1064  nm  Nd:YAK  laser  radiation  with  809nm  pump  radi¬ 
ation. 


FIGURE  4:  Blue  output  power  (solid  line)  produced  by- 
mixing  radiation  in  the  800-820  nm  wavelength  range  with 
I064nm  radiation  in  KTP;  absorption  (dashed  line)  of 
Nd:YAK  in  same  wavelength  range. 


Figure  5  shows  the  experimental  confiugration  used  for  efficient  generation  of  459-nm  light.  A  KTI*  crystal  is  placed  inside  the 
cavity  to  mix  the  high-intensity  1064-nm  intracavity  laser  field  with  the  809-nm  pump  field.  In  initial  experiments  using  an  infrared 
dye  laser  as  the  pump  source  in  Figure  5,  ~  I  m\Y'  of  blue  output  power  at  459-nm  was  produced  using  275  m\V  of  809-nm  pump 
power.  13  Higher  peak  powers  were  obtained  by  gain-switching  the  Nd:YAK  laser,  and  rapid  modulation  of  the  459-nm  light  due 
to  modulation  of  the  809-nm  pump  beam  was  demonstrated13.  However,  for  a  practical  device,  pumping  with  diode  lasers  is  desir¬ 
able.  The  809-nm  light  performs  two  functions:  pumping  the  Nd:\'AG  laser  and  mixing  with  the  1064-nm  radiation.  In  order  to 
investigate  the  use  of  diode  lasers  as  sources  of  the  809-nm  mixing  radiation,  it  is  desirable  to  separate  the  pumping  and  mixing 
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It  is  a  particular  advantage  of  intracavity  sum-frequency  generation  that  the  blue  output  can  be  rapidly  modulated  by  direct 
modulation  of  the  809-nm  input  without  the  speed  limitations  that  exist  for  intracavity  SI  1CJ  due  to  the  slow  response  times  of  the 
1064-nm  intracavity  laser  field.  Even  in  the  case  of  a  single  809-nm  pump  laser,  the  4S9-nm  output  follows  fast  modulation  of  the 
pump  source  while  the  time  response  of  the  1064-nm  radiation  is  limited  by  the  cavity  dynamics  of  the  Nd:YAG  laser.3  Figure  8 
shows  a  blue  output  pulse  generated  by  direct  modulation  of  the  injection  current  of  the  809-nm  mixing  laser  using  the  two-laser 
pump  configuration  shown  in  Figure  6.  The  width  (~  5  ns)  of  the  pulse  shown  in  Figure  7  was  limited  only  by  the  drive  electronics 
and  much  faster  modulation  can  be  achieved. 


FIGURE  7:  Blue  output  power  at  459  nm  as  a  function  of 
809nm  mixing  power  provided  by  a  dye  laser,  a  single- 
mode  laser  diode  and  a  broad  area  laser  diode. 


Pulses  (a)  809  nm 


FIGURE  8:  Generation  of  a  short  blue  pulse  by  direct 
modulation  of  the  laser  diode  (5  ns/div). 


Conclusion 


Nonlinear  optical  processes  such  as  second-harmonic  generation  and  sum-frequency  mixing  can  be  used  for  frequency  upcon- 
version  of  the  infrared  radiation  produced  by  diode-pumped  solid-state  lasers.  The  use  of  diode-laser-pumped  solid-state  lasers 
permits  the  nonlinear  process  to  be  carried  out  inside  the  laser  cavity  where  the  intracavity  intensity  is  high,  leading  to  efficient 
upconversion.  Furthermore,  the  poor  spectral  and  spatial  mode  properties  of  the  high-power  diode  laser  are  converted  to  the  narrow 
spectrum  and  TEM0„  mode  of  the  solid-state  laser.  Miniature  blue  sources  based  on  these  techniques  have  been  demonstrated  with 
output  powers  of  a  few  milliwatts,  and  scaling  predicts  the  feasibility  of  powers  of  tens  of  milliwatts.  Other  features  desirable  for 
certain  applications,  such  as  rapid  modulation,  have  been  demonstrated. 
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Abstract 

We  have  produced  ~2 . 5  mW  of  narrow-band  455  nm  radiation  using  a  single  longitudinal  mode 
pulsed  Ti .Sapphire  oscillator  operating  at  911  nm  followed  by  efficient  frequency  doubling. 
A  Cs  filter  was  used  to  demonstrate  the  narrow-band  operation  and  frequency  tuning 
capabilities . 


Introduction 

In  this  paper  we  report  the  first  demonstration  of  narrow-band  (~500  MHz)  blue  (455  nm) 
radiation  using  recently  developed1  single  longitudinal  mode  (SLM)  pulsed  Ti  .-Sapphire  laser 
technology.  This  narrow-band  blue  laser  source  generated  0.25  mJ/pulse  at  a  10  Hz 
repetition  rate.  Much  higher  energies  will  be  possible  by  using  this  source  to  injection 
seed  a  power  oscillator  or  as  the  master  oscillator  in  a  power  amplifier  chain. 

Figure  1  illustrates  two  possible  techniques  for  generating  narrow-band  blue  radiation 
with  Ti : Sapphire .  In  the  first,  a  Ti:Sapphire  (SLM),  oscillator  drives  a  power  oscillator 
or  amplifier  at  911  nm.  This  beam  is  then  frequency  doubled  to  455  nm.  In  the  second  case, 


•  OPTION  1 


•  OPTION  2 


455  nm 


88  17019 


Figure  1 .  Two  possible  techniques  for  generating  narrow-band  blue 
radiation  with  Ti:Sapphire. 
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a  SLM  TitSapphire  oscillator  drives  a  power  oscillator  or  amplifier  at  795  nm  which  is  then 
frequency  mixed  with  1064  nm  light  to  455  nm.  In  this  figure  the  pump  laser  is  shown  as  a 
doubled  Nd:YAG  system;  however,  the  Ti  .-Sapphire  can  be  pumped  directly  using  flashlamps  and 
a  fluorescent  converter  which  would  result  in  a  very  compact,  simple,  laser  device. 

Consider  the  frequency  doubling  case  (Option  1).  The  ratio  E  .  (455) /E  (1064)  can  be 

...  out-  pump  ' 

written  as  *  * 


Eout(455> 

Epump(1064) 


-  72 h/911)  ^TiS 


W1064> 


(1) 


where  (911)  is  the  frequency  doubling  efficiency  for  911  nm  ■*  455  nm,  Vou  (1064)  is  the 

frequency  doubling  efficiency  for  1064  nm  -*  532  nm;  and  is  the  intrinsic  efficiency  of 

Ti: Sapphire.  For  the  frequency  mixing  case  (Option  2)  the  expression  is  slightly  more 
complicated  because  the  unconverted  1064  nm  light  is  available  for  mixing  with  795  nm. 
Assuming  the  laser  energy  at  795  nm  and  1064  nm  is  chosen  to  match  the  number  of  photons 


E  (795) 

E  (1064)  ~ 


1.34 
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the  efficiency  ratio  EQut  (455)/Epump  (1064)  becomes: 


if 
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(5) 


The  two  regimes  of  this  second  case  result  because  as  (1064)  increases  one  reaches  a 

point  where  there  is  not  e rough  1064  nm  radiation  left  over  to  mix  equal  photon  numbers  with 
the  795  nm  beam. 


Figure  2  presents  these  efficiency  calculations  in  graphical  form.  Here,  the  ratio  of 
output  energy  at  455  nm  to  the  1064  nm  pump  energy  versus  the  frequency  doubling  efficiency 
is  plotted.  Several  assumptions  were  made  in  order  to  develop  these  plots.  First,  the 
Ti:Sapphire  intrinsic  efficiency  was  chosen  in  the  range  0.3  to  0.5.  This  accounts  for  the 
spread  in  the  plots  for  each  case .  The  left  hand  plot  is  constructed  for  a  case  where  the 
frequency  mixing  efficiency  is  equal  to  the  frequency  doubling  efficiency,  i.e.,  (1064) 

=  rj _  (911)  =  n  .  .  He.e,  the  frequency  mixing  approach  is  almost  always  more  efficient 

than  the  frequency  doubling  case.  The  knee  in  the  plot  occurs  when  Eq.  (4)  becomes  an 
equality , 


^  "  rhz r  m 

In  the  second  plot,  the  frequency  mixing  efficiency  is  held  at  0.5  while  the  frequency 
doubling  efficiency  is  varied;  here,  the  frequency  doubling  case  (Option  1)  becomes  more 
efficient  when  is  sufficiently  high.  In  most  practical  cases  V2U  ^  60/?  and  this  implies 
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Figure  2.  The  frequency  mixing  approach  (Option  2)  can  be  more  efficient  than  the  frequency 
doubling  approach  (Option  1)  but  has  higher  complexity. 


that  the  mixing  approach  will  always  be  more  efficient.  However,  this  approach  is  also  more 
complex  because  both  the  1065  nm  and  795  nm  beams  must  be  narrow-band,  have  good  beam 
quality,  and  be  properly  aligned.  As  a  result,  for  our  first  experiments  we  have  chosen  to 
study  the  frequency  doubling  approach  (Option  1)  using  Ti: Sapphire. 


EXPERIMENTAL  MEASUREMENTS 

Figure  3  is  a  schematic  of  the  experimental  arrangement .  The  SLM,  pulsed,  Ti:Sapphire 
grazing  incidence  oscillator  provides  the  narrow-band  tunable  source.  The  Ti  .'Sapphire  is  a 
Brewster  end  cut  pijce  about  1  cm  in  length  and  6  mm  in  diameter.  Its  absorption  length,  at 

532  nm,  is  ~2.5  cm  .  The  532  nm  pump  beam  was  supplied  by  a  Spectra  Physics  DCR-11  Nd:YAG 

laser  deliveri^-*  "70  mJ/pulse  in  5-10  ns  at  10  Hz.  The  pump  beam  diameter  in  the 
Ti: Sapphire  is  about  0.1  cm  giving  a  pump  fluence  of  ~5-10  J/cm^.  Under  these  conditions, 
and  with  an  1800  line/mm  grating,  the  oscillator  provided  ~1.0  mJ/pulse  in  2-3  ns  at  911  nm. 

The  bandwidth  was  less  than  1  GHz  as  determined  with  an  etalon  (10  GHz  free  spectral  range)  . 

A  photograph  of  this  oscillator  is  presented  in  Figure  4. 

The  2D  intensity  profile  from  this  oscillator  was  measured  using  a  frame  grabber  and  TV 
camera.  The  result  is  shown  in  Figure  5,  and  indicates  a  smooth,  Gaussian-like,  profile. 
Further  evidence  for  an  output  beam  with  a  high  quality  phase  front  comes  from  the  frequency 
doubling  measurements  that  resulted  in  25-3055  frequency  doubling  efficiency  in  a  KD  P 
crystal.  Higher  frequency  doubling  efficiencies  could  have  been  obtained  with  a  higher 
energy  per  pulse  beam;  this  is  because  less  severe  focusing  would  be  used  to  achieve  the 
required  peak  power  densities. 
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Figure  4.  Single-longitudinal-mode 
(SLM)  pulsed  Ti (Sapphire 
oscillator  operating  at 
911  nm .  The  Brewster  end 
cut  Ti: Sapphire  gain 
medium  is  seen  near  the 
photograph  center,  the 
grating  is  immediately  to 
the  left,  and  the  tuning 
mirror  directly  behind 
the  Ti (Sapphire  rod. 


iH^ 


Figure  5.  Near  field  2D  intensity 
profile  of  911  nm  beam 
from  the  single¬ 
longitudinal  -mode 
Ti: Sapphire  oscillator. 


911  nm 


After  doubling  to  455  nm  the  blue  beam  was  directed  through  a  Cs  cell  which  was  heated  to 
~100°C  to  provide  sufficient  Cs  atom  density.  When  the  oscillator  is  tuned  to  the  Cs 
resonance  a  blue  fluorescence  track  is  observed  through  the  cell  as  shown  in  Figure  6.  An 
attempt  was  made  to  tune  through  the  double  absorption  peaks  (455.6608  nm  and  455.6546  nm) 
of  Cs  by  scanning  the  frequency  of  the  oscillator  and  recording  the  Nd  fluorescence  signal . 
In  our  current  oscillator  configuration  the  output  does  not  remain  in  a  SLM  condition  while 
the  output  is  tuned  (the  output  mode— hops)  so  that  a  smooth  scan  through  the  Cs  double 
absorption  bands  was^not  possible.  Littman  has  shown  that  this  type  of  oscillator  will 
tune  over  10-100  cm  ,  without  mode  hops,  if  the  tuning  mirror  rotation  point  is  chosen 
correctly.  In  ongoing  work,  the  oscillator  will  be  reconfigured  in  the  Littman  geometry  and 
smooth  spectral  scans  will  be  possible. 
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Figure  6.  Blue  fluorescence  track 
observed  in  Ce  cell  with 
Ti: Sapphire  blue  source 
tuned  to  455  nm.  Bright 
spots  at  end  of  track  are 
caused  by  scattering  from 
the  Cs  cell  walls. 


SUMMARY 

In  summary,  we  have  generated  narrow-band  (<1  GHZ)  blue  (455  nm)  laser  radiation  by 
doubling  the  output  of  a  SLM,  Ti : Sapphire ,  oscillator.  This  source  of  coherent  blue  laser 
radiation  will  become  increasingly  important  and  attractive  as  flashlamp  pumped  Ti:Sapphire 
and  diode  pumped  Ti:Sapphire  (through  doubled  Nd:YAG)  technologies  mature.  This  work  was 
supported  by  Spectra  Technology,  Inc.  IR&D  funds. 
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Abstract 


A  2.0  mj  per  pulse,  single-longitudinal -mode  (SLM) ,  Ti:Sapphire  oscillator  has  been 
demonstrated  using  a  grazing  incidence  grating  cavity  similar  to  a  Littman/Shoshan 
arrangement.  Experimental  results,  and  modeling  of  the  SLM  behavior  are  presented. 

Introduction 

A  single-longitudinal-mode  ^SLM) ,  tunable,  pulsed,  Ti:Sapphire  oscillator  delivering  up  to 
2.0  mj  has  been  demonstrated.  The  oscillator  cavity  configuration  is  similar  to  that  of 
Littman  and  Shoshan  with  the  dye  cell  replaced  with  a  Brewster  end  cut  solid  state 
Ti:Sapphire  rod  measuring  6mm  x  1.5  cm.  Narrow  band  cw  TirSapphire  oscillators  have  been 
demonstrated,  but  to  our  knowledge,  this  is  the  first  demonstration  of  pulsed,  SLM, 

Ti  .'Sapphire  operation.  The  oscillator’s  significance  is  its  very  compact  geometry  (cavity 
length  =6  cm)  ,  wide  tunability,  and  simplicity  (only  four  optical  components  including  the 
active  medium);  plus,  the  oscillator  provides  two  to  three  orders  of  magnitude  more  energy 
per  pulse  than  a  conventional  Littman  oscillator  with  a  dye  medium.  This  higher  energy  is 
due  to  the  much  higher  saturation  fluence  level  in  TirSapphire  as  compared  to  dyes. 

Mode  control  is  established  with  a  5  cm  grating  used  at  grazing  incidence;  the  zero  order 
reflection  is  used  as  the  output  while  the  1st  order  reflection  is  fed  back  to  provide 
oscillator  action.  The  basic  configuration  is  presented  in  Figure  1.  In  the  work  reported 
here,  an  1800  line/mm  grating  was  used  and  is  oriented  with  a  grazing  angle  a  of  a  few 
degrees.  The  TirSapphire  was  purchased  from  Union  Carbide  and  has  a  pump  absorption  at  532 
nm  of  2.4  cm-*  and  a  figure  of  merit  of  100.  This  corresponds  to  an  absorption  loss  of 
~0.024  cm'1.  Both  the  back  cavity  mirror  and  tuning  mirrors  are  dielectric  coated  optics 
for  maximum  reflection  in  the  NIR  around  800  nm. 

Tuning  the  oscillator  over  the  TirSapphire  bandwidth  is  achieved  by  simply  tilting  the 
tuning  mirror.  Tuning  has  been  obtained  from  746-918  nm  with  currently  available  optics. 

The  angular  tilt  needed  to  tune  over  a  given  bandwidth  is  obtained  from  the  grating  equation 

cosa  +  sin8m  =  mX/d  (1) 

where  a  is  the  grazing  angle,  8  is  the  mth  order  reflection  from  the  grating  normal,  X  the 
wavelength,  d  the  grating  perio3,  and  m  the  grating  order.  Tuning  over  the  TirSapphire 
bandwidth  from  700-900  nm  requires  a  total  mirror  rotation  of  15  degrees.  In  these 
experiments  the  oscillator  geometry  has  been  configured  to  give  synchronous  tuning  without 
mode-hop.4  By  choosing  the  correct  pivot  point  for  the  tuning  mirror,  exact  tracking  of  the 
cavity  length  and  wavelength  should  be  possible;  continuous  SLM  operation  over  a  limited 
bandwidth  (<100  cm  1)has  been  achieved. 
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A  Q-switched  Spectra  Physics  DCR-11  is  frequency  doubled  and  used  directly  to  pump  the 
Ti : Sapphire,  the  pump  pulse  is  ~5  ns  in  length.  A  0.4  cm  diameter  532  nm  beam  was  focused 
using  a  30  cm  focal  length  lens;  the  pump  beam  focus  occurs  the  grating  and  then  is 

allowed  to  expand  slowly  as  it  is  absorbed  in  the  Ti: Sapphire.  This  geometry  was  chosen  to 
minimize  the  possibility  of  damage  in  the  Ti:Sapphire  crystal.  For  both  types  of  pumping 
geometries  the  pump  beam  diameter  in  the  Ti:Sapphire  was  ~1.0  mm  giving  a  peak  pump  fluence 
of  up  to  ~10  J/cm  with  70  mJ  of  pump  energy. 

When  lasing  occurs  the  oscillator  provides  a  near  Gaussian  spatial  profile  and  this  was 
verified  with  a  CID  camera  and  frame  grabber.  Single  longitudinal  mode  operation  was 
verified  by  frequency  doubling  the  Ti: Sapphire  oscillator  output  and  monitoring  the  presence 
of  mode  beating  by  recording  the  temporal  output  shape  using  a  Tektronic  7401  oscilloscope 
and  a  Hamamatsu  R1193U-02  SbCs  biplanar  photodiode.  As  a  further  diagnostic,  the  ring 
patterns  from  a  10  GHz  Etalon  with  a  finesse  of  25  were  analyzed  and  recorded  with  a 
commercial  television  camera/VCR  combination. 

Figure  2  presents  the  SLM  output  energy  characteristics  as  a  function  of  wavelength.  In 
Figure  2a  the  multimode  output  energy  is  plotted  versus  wavelength  for  a  532  nm  pump  energy 
of  69  mJ.  The  pump  beam  diameter  was  ~1  mm  resulting  in  a  pump  fluence  of  ~8  J/cm  (limited 
below  this  value  by  damage).  Also,  the  threshold  pump  energy  is  shown  versus  wavelength. 
Note,  under  these  pumping  conditions  the  peak  output  energy  per  pulse  is  ~9  mJ  at  800  nm  and 
~3  mJ  at  900  nm.  Larger  output  energies  are  possible  with  higher  pump  energies  and  larger 
pump  beam  diameters;  however,  the  number  of  longitudinal  modes  will  also  increase.  In 
Figure  2b  the  SLM  output  energy  is  plotted  versus  wavelength.  Also  included  is  a  plot  of 
the  upper  limit  on  pump  energy  that  must  not  be  exceeded  if  SLM  operation  is  to  be 
maintained.  When  SLM  coDditions  are  achieved  both  the  output  energy  and  ratio  of  gain  to 
threshold  gain  remain  constant  over  the  tunable  bandwidth.  This  property  is  easily 
understood  in  terms  of  the  SLM  startup  properties  of  the  grazing  incidence  oscillator  and 
will  be  described  in  the  following  section. 

SLM  Ti : Sapphire  Oscillator  Modelling 

For  this  laser  oscillator  configuration  (regardless  of  the  gain  media)  single  longitudinal 
mode  operation  is  limited  to  a  narrow  range  of  conditions.  These  conditions  can  be 
predicted  using  geometrical  ray  tracing  and  Gaussian  beam  propagation  concepts.  A  summary 
of  that  approach  is  presented  here.  Assume  that  the  oscillator  is  tuned  to  a  wavelength  X 
so  that  oscillation  occurs  along  the  ray  path  shown  in  Figure  3.  For  any  other  wavelength, 
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Diameter  ~  1mm 


Figure  2.  SLM,  Ti: Sapphire,  grazing 
incidence  tuning 
characteristics.  (a) 
Multimode  operation  and 
threshold  conditions  for 
lasing.  (b)  Single¬ 
longitudinal-mode 
operation  and  upper  limit 
on  pump  fluence. 


Figure  3.  Illustration  showing 

components  of  the  single¬ 
longitudinal-mode  , 
tunable,  pulsed, 

Ti: Sapphire  laser 
oscillator.  The  cavity 
length  is  +  L„  where 
is  the  distance  from  the 
grating  to  the  tuning 
mirror  and  L2  is  the 
distance  from  the  grating 
to  the  back  mirror . 


X’  =  X  +  AX ,  oscillation  follows  a  different  path  by  virtue  of  the  grating  dispersion;  this 
different  path  leads  to  walk-off  across  the  gain  region  (by  an  amount  6x)  on  each  round  trip 
in  the  cavity.  Consequently,  rays  at  X’  will  move  across  the  gain  region  and  experience 
lower  total  gain  after  N  round  trips  as  opposed  to  rays  at  X.  The  cavity  output  intensity 
after  N  round  trips  is  defined  as  I  at  X ,  and  as  I’  at  X’;  both  I  and  I’  are  initiated  from 
spontaneous  emission,  defined  as  I  ^  and  are  amplified  with  each  round  trip.  The  ratio 

(I '/!■)  is  a  measure  of  the  mode  fitlejity  when  AX  is  taken  as  the  longitudinal  mode  spacing, 
X2/2(L1+L2). 

Values  of  (I’ /I)  were  predicted  by  assuming  a  spatial  gain  distribution  of  width  2x  and 
computing  I*  and  I  after  eac^  round  trip  in  the  cavity.  When  the  intensity,  I,  reaches 
output  flux  levels  (50  MW/cni  )  for  the  gain  switched  oscillator)  the  ratio  (I’/I)  is 
evaluated.  Values  of  (I’/I)  $  0.05  are  taken  as  sufficient  to  assure  essentially  single 
longitudinal  mode  operation.  For  a  parabolic  gain  distribution,  taken  for  convenience,  the 
output  intensity  ratio  after  N  round  trips  is  approximately: 


log 


N(l-7)  +  i  N2(N-1)  (^-)2 


log(R) , 


(2) 


where  I’  becomes  I  when  5x=0 .  Here,  N  is  the  number  of  cavity  round  trips,  7  the  ratio  of 
gain  to  threshold  gain,  and  R  the  output  coupling  reflectivity.  It  turns  out  that  6x  is 
different  for  each  round  trip  and  that  the  beam  walks  off  both  the  gain  region  and  the 
grating.  However,  for  5-10  round  trips  an  average  value  of  5x  can  be  related  to  the  cavity 
length,  grazing  angle  of  incidence,  wavelength  and  grating  period  for  cases  where  the  tuning 
mirror  and  grating  are  approximately  parallel . 
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Here  a  is  the  grazing  angle  in  degrees,  d  is  the  grating  period  in  microns  and  +  Lg  the 

cavity  length  (see  Figure  3).  Clearly,  6x  must  be  as  large  as  possible  to  reduce  the  ratio 
I  ’  /I  and  to  guarantee  SLM  operation.  This  requires  that  a  and  d  are  small,  and  the  ratio  of 
lengths  (L^/Lj)  must  be  >1.  In  our  current  design  Lg/L^  =  6  with  =  1  cm.  Note  that  L 2 
cannot  be  arbitrarily  large  due  to  diffraction  effects. 

Typical  values  (a=1.5°,  X  =  0.8fi )  lead  to  Sx  =  0.1-0.15  mm  for  gratings  with  1200-1800 
lines  per  mm,  respectively.  Figure  4  summarizes  these  results  by  plotting  (I* /I)  versus 
(5x/x) .  Each  curve  is  for  a  different  gain,  7,  and  number  of  cavity  round  trips  to  reach 
output  intensities.  The  results  are  striking,  and  show  a  very  limited  range  of  gain  and 
(5x/x)  over  which  single  longitudinal  mode  operation  is  possible.  Increasing  the  gain 
requires  large  values  of  (6x/x)  to  maintain  the  same  mode  fidelity  and  lowering  the  gain 
below  twice  threshold  leads  to  unstable  operation. 


Figure  4.  Plot  of  calculated  mode 
fidelity  (I ’/I)  versus 
(§x/x)  for  various  values 
of  gain  (5x/x)  is  the 
fractional  gain  region 
walk-off  per  cavity  round 
trip  -  the  gain  region  has 
a  diameter  of  2x . 


Further,  diffraction  limits  the  maximum  value  of  L2  and  (ffx/x) .  For  example,  we  must 
require  that  the  diffraction  induced  angular  ray  errors  after  N  cavity  round  trips,  /?„,  be 
less  than  the  angular  shifts,  Aa  ,  induced  by  the  grating  for  adjacent  longitudinal  modes. 
The  diffraction  induced  angular  errors  can  be  estimated  using  the  Gaussian  beam  propagation 
equations.  For  a  beam  within  its  Rayleigh  range  one  obtains: 


PN  =  2  (L1  +  L2)  X2N/*2x3. 


(4) 
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From  the  cavity  geometrical  ray  tracing  one  can  show 


Aot  2  AX/ ad  =  X2/2ad(L1  +  Lg)  . 


(5) 


setting  i  Aa  gives  the  upper  limit  on  as 


(Lj  +  L2) 


x3/2 

(daN)1/2 
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This  result  can  be  combined  with  Eq  (3)  to  set  an  upper  bound  on  (5x/x) . 
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For  our  oscillator  conditions  (<5x/x)  must  be  less  than  ~0.15  when  =  6  cm.  For  larger 
values  of  the  limit  is  even  lower.  This  occurs  because  x  must  be  increased  as  the  cavity 
length  grows  in  order  to  minimize  diffraction  spreading. 

The  combined  effects  of  diffraction  (forcing  a  larger  beam  size)  and  beam  walkoff 
(forcing  a  smaller  beam  size  5x/x  i  .05  to  insure  SLM  operation)  restricts  the  beam 
diameter,  2x,  in  the  oscillator  to  ~  1.0  mm  with  little  flexibility  for  variation.  This 
beam  size  restriction  coupled  with  the  ~  1  J/cni  saturation  fluence  for  Ti: Sapphire  limit 
the  SLM  scillator  output  to  approximately  1-10  mJ.  Other  gain  media  (solids,  dyes  or 
gases)  w^ll  have  different  limits.  Additionally,  the  damage  fluence  for  Ti: Sapphire,  ~ 

5-10  J/cm  for  laser  pumping,  sets  a  limit  on  the  gain  as  shown  in  Figure  4. 

It  is  important  to  note  that  other  gain  media,  such  as  Alexandrite  and  Nd:xxx,  may  also 
be  used  in  this  oscillator  configuration.  However,  gain-length  products  i  2  must  be 
achievable  in  order  to  sustain  oscillation  with  the  high  output  coupling  of  the  grazing 
incidence  grating.  Also,  other  pumping  geometries  are  possible  -  for  example,  the 
oscillator  also  operates  well  with  the  pump  beam  incident  through  the  back  mirror. 


In  summary,  a  2.0  mJ/pulse,  SLM,  Ti : Sapphire  laser  oscillator  has  been  demonstrated  and 
tuned  from  746  nm  to  918  nn.  Its  mode  selection  properties  have  been  modeled,  and  limits 
set  on  its  useful  range  of  operation.  Its  advantages  over  dyes  are  many;  including:  high 
output  energy  per  pulse,  simplicity  -  no  need  to  mix  or  change  dye  solutions  and  very  wide 
tunability . 

We  wish  to  acknowledge  many  useful  conversations  with  Dr.  T.  D.  Raymond  during  the  course 
of  this  effort.  This  work  was  supported  by  IR&D  funds  at  Spectra  Technology,  Inc. 
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Abstract 

Two  rows  of  surface-emitting  (ten-element  each),  linear  arrays  were  coherently  locked  to  an  external  master  oscillator.  The 
free  running  array  is  spectrally  coherent,  and  it  is  phase  coherent  under  injection  locking  from  an  external  master  oscillator.  A 
subset  of  the  injection  locked  2-D  array  is  tuneable  over  a  >60  angstroms  spectral  range.  The  monolithic  array  is  robust,  and 
maintains  coherent  lock,  even  when  individual  unit  cells  are  turned  off.  Far-field  fringe  visibilities  in  excess  of  60%  were 
realized. 


*  Work  sponsored  by  USAF 


Summary 

Injection  locking  of  discrete  edge  emitting  semiconductor  diode  tasefsin  an  external  master  oscillator  (MO)  has  been 
successfully  demonstrated  for  single  stripe  devices'*^,  linear  arrays^’  and  broad  area  lasers'4'.  In  this  paper  we  report  the 
coherent  operation  of  an  injection-locked  two-dimensional  (2-D)  monolithic  array  of  coupled  resonators. 

The  coupled  resonator  concept  features  monolithic  linear  arrays  (10  elements  each),  vertical  and  45  degree  outcoupling 
micromirrors  for  vertical  emission^,  and  interconnecting  optical  waveguides.  Coherence  across  the  device  at  a  single 
wavelength  is  achieved  by  external  injection  locking. 

Figure  1  shows  a  top  view  of  the  architecture,  which  consists  of  10  surface  emitting  unit  cells  (each  one  comprising  a  ten 
element  linear  array),  and  one  "driver"  unit  which  couples  the  two  rows  of  devices.  The  dimensions  are  illustrated  in  the  lower 
insert. 


45  OUtCOUPURG  MIRRORS 


Figure  1-  Top  View  of  TRW  Monolithic  Surface  Emitting  Array  Architecture 


Each  unit  cell  has  10  stripes,  300  microns  long,  with  a  threshold  current  of  <  12mA  per  stripe.  Evanescent  coupling  is  used  to 
couple  the  array  elements  in  the  lateral  direction,  as  well  as  to  provide  coupling  between  the  array  and  the  interconnecting 
waveguides.  350  micron  long  waveguide  sections  couple  the  unit  cells  in  the  longitudinal  direction. 

A  schematic  diagram  showing  the  transverse  and  lateral  unit  cell  dimensions,  and  the  device  geometry  (growth  layers)  are 
shown  in  Figure  2. 
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f  igure  2-  Transverse  and  Lateral  Device  Geometry 


Lueh  unit  cell  has  10  stripes,  3  um  wide  and  300  urn  long.  The  device  transverse  structure  is  a  double  quantum  well-separate 
confinement  heterostructure  (DQW-SC’H)  grown  by  metal  organic  chemical  vapor  deposition  (MOCVD). 

The  ‘Mr  cavity  mirrors  of  the  unit  cells  are  coated  with  a  3%  low  reflectivity  (LR)  facet,  and  a  90%  high  reflectivity  (HR) 
coating.  This  choice  provides  an  enhanced  injection  locking  bandwidth  (relative  to  uncoated  mirrors)  and  single-ended 
emission,  without  a  substantial  efficiency  penalty  in  operation.  Figure  3  shows  a  schematic  diagram  of  the  unit  cell  crossection. 
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1  igure  3-  Unit  Cell  Crossection 


I  he  ten  element  array  has  3  micron  wide  stripes,  with  a  4.5  micron  center-to-center  separation  between  the  stripes.  The 
coupling  waveguide  is  etched  to  0.25  microns  from  the  active  region  to  provide  strong  mode  confinement. 

I  he  waveguide  distribution  network  provides  signal  amplification  to  couple  the  unit  cells  coherently  and  efficiently.  External 
injection  locking  forces  strong  phase  coherence  across  the  array,  results  in  tuning  over  a  significant  wavelength  band  ( >  60  A), 
and  enhances  the  stability  of  the  array. 

I  he  design  is  amenable  to  rclative.y  simple  aperture  filling  through  the  use  of  external  optics.  The  planar  wafer  geometry 
provides  efficient  diode  operation  and  output  coupling,  and  simple  heat  removal  through  a  back-plane  submount.  Finally,  this 
array  architecture  is  robust  (light  continues  to  propagate  through  degraded  unit  cells) 

Device  uniformity  is  achieved  by  using  reproducibly  uniform  material  growth,  and  fabrication  techniques  which  are  compatible 
with  the  monolithic  integration  on  the  wafer.  We  have  developed  MOCVD  material  growth  techniques  which  result  in  very 
uniform  material,  as  well  as  dry-etching  technologies  (reactive  ion-etching  and  ion-milling),  used  for  defining  waveguide 
structures,  and  45  degree  outcoupling  micromirrors  and  vertical  laser  facets  with  an  optical  quality  comparable  to  that  of 
cleaved  devices. 

Figure  4  shows  a  close-up  view  of  (lie  TRW  packaged  2-D  array,  showing  gold  wire  bonds  to  the  unit  cells,  the  driver  which 
couples  the  two  rows  of  unit  cells,  and  the  interconnecting  waveguides.  All  the  unit  cells  arc  turned-o..  and  operational,  and 
light  comes  out  through  the  45  degree  mirrors,  perpendicular  to  the  page. 
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Figure  4-  Close-Up  View  of  2-D  Array  in  Operation  (All  Unit  Cells  Are  Turned-On) 


Figure  5  shows  the  characteristics  of  a  typical  unit  cell  device  (10  element  surface  emitting  array). 
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Figure  5  Unit  Cell  Caracteristics 
a-  P-1  Curve 

b-  Free-Running  Array  Far-Field  Profile 
r-  Spectrum 


efficiency1  At  1 2  Sh°WS  that  ^device  compares  well  with  a  cleaved  device,  both  in  threshold  and 

about  twee  the  diffraction  liSl  fof ®  dSiSl  predominantly  single  mode  spectra,  and  far-fields  that  are 

0fotne.natUAe  0f  the  c?uPlir,g  used  in  device,  (i.e.  lack  of  isolation  between  unit  cells),  it  behaves  like  a  self-locked 
cohe  eJee  h!  at0r- M  extefrnal.  “  osci,Iator  (M-°-) >'*  used  to  force  it  to  lock  at  the  M.O.  wavelength  and  also  to  provides 

and  added  staSy  (thT/SnloIhe  SoiSSagr*  *  injeCti°n  ‘0Cking  ^  ( "  5°  angStr0ms)’ 

Increase  IheSmt  '°Ckinf  Process  (achieve  wider  locking  bandwidth),  one  can  lower  the  resonator  0,  or 

an  uncoa  ted  vdue  of n Th?J P?Wfa  A  ‘°wer  Q  was  ach'eved  here  by  decreasing  the  facet  reflectivity  product  to  0.027  from 
as  large  as  100: U  f  °'°9'  ™  J  d  P°Wer  required  t0  lock  th,s  array  was  of  the  order  of  2  mW,  resulting  in  injected  ratios 

dtSjr  wd" five  ^ Sunitcenl^vd/^hPreSentati0n  at, this  tim,e- 7116  1x6  ^  represents  one  row  of  unit  cells  and  consists  of  the 
conditions  is  illustrated  £f£h?E  exper,mental  set'uP  for  demonstrating  coherent  operation  under  injection  locked 


Figure  6  Experimental  Arrangement  for  Injection  Locking 


lxo  arrays  were  injection  locked  from  an  external  master  oscillator  (M.O.)  under  pulsed  operation.  The  M.O.  was  a 
commercial  dye  laser.  An  isolator  and  half-wave  plate  were  used  to  minimize  reflections  back  into  the  M.O..  A  Braee 
modulator  was  used  to  synchronize  the  dye  laser  and  slave  laser  pulses.  The  spectral  output  was  monitored  with  the 
monochromator,  while  tar-fields  were  measured  directly  with  a  CCD  camera. 


The  1x6  array  exhibits  spectral  coherence  under  both  free-running,  and  injection  locked  conditions,  as  illustrated  by  the  free- 
running  and  injection  locked  array  spectra  of  Figure  7.  y 
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Figure  7  a-  Free-Running  Spectrum  of  1x6  Surface  Emitting  Array 

b-  Injection  Locked  Spectrum  of  1x6  Surface  Emitting  Array 


The  injection  locked  1x6  array  can  be  tuned  over  a  greater  than  60A  spectral  range,  while  maintaining  phase  lock.  The  high 
transparency  of  the  quantum  well  material  results  in  system  robustness.  Light  continues  to  propagate  through  turned-off  unit 
cells,  and  coherent  lock  is  maintained  under  both  free-running  and  injection  locked  conditions. 

Fringe  visibilities  in  excess  of  60%  have  been  achieved  for  single  rows  of  unit  cells,  as  illustrated  in  Figure  8.  The  fringe  width 
is  approximatley  1.6x  the  theoretical  value  predicted  for  a  coherent  array  of  light  sources.  Coherent  output  powers  greater 
than  100  mW  were  obtained  at  this  visibility  level. 
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Figure  8-  Far-Field  Interference  Pattern  for  a  1x6  Row  of  Unit  Cells 


In  conclusion ,  we  have  demonstrated  a  coherent,  monolithic,  robust,  two-dimensional  array  of  diode  lasers.  The  free  running 
array  is  spectrally  coherent,  and  it  is  phase  coherent  under  injection  locking  from  an  external  master  oscillator.  An  injection 
locked  subset  of  the  full  2-D  array  is  tunable  over  a  >  60  A  spectral  range.  Far-field  fringe  visibilities  in  excess  of  60%  were 
achieved. 
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Abstract 


An  integrated  optics  technology  based  on  AlGaAs  semiconductor  material  has  been  used  to 
fabricate  monolithic  10-emitter  coherent-amplifier  arrays.  These  arrays  have 
demonstrated  power  outputs  of  300  mW  CW  with  only  2  mW  injected  power  and  greater  than 
0.8  coherence  between  any  two  amplifiers. 

Introduction 

An  active  waveguide  medium  is  an  essential  feature  for  successful  stacking  of  a 
two-dimensional  array  of  laser  diodes.  Such  an  array  can  combine  the  highly  divergent 
beams  of  many  laser  diodes  into  one  narrow  beam.  The  primary  design  challenge  in  a 
master  oscillator  power  amplifier  systems  is  the  distribution  of  the  signal  to  the  power 
amplifiers.  This  design  problem  was  solved  by  integrating  a  one-to-ten  power 
distribution  network  with  10  power  amplifiers  on  a  1.1  x  0.5  cm  AlGaAs  chip.  This  linear 
array  is  called  a  Unit  Cell  because  it  is  the  building  block  for  a  100-emitter 
two-dimensional  array  of  10  such  cells. 

The  high  power  capability  of  a  one  or  two-dimensional  array  will  be  useful  in  laser 
communication  systems,  optical  scanning  systems,  and  laser  radar  systems.  In  addition, 
the  integrated  optics  techniques  used  in  the  Unit  Cell  design  represent  a  generic 
technology  which  would  be  useful  in  high-speed  optical  interconnects,  high-speed  optical 
computers,  and  multiplexers  for  optical  switching  networks. 


Unit  Cell  Design 

The  Unit  Cell  is  a  one-to-ten  distribution  network  and  10  power  amplifiers  integrated 
onto  a  single  chip.  The  monolithic  design  is  shown  schematically  in  Figure  1  with  the 
relative  position  and  design  of  each  component  illustrated.  The  master  oscillator  signal 
(1-20  mW)  is  injected  into  the  Unit  Cell  by  an  optical  fiber  at  the  input  port.  The 
signal  propagates  along  the  waveguide  to  the  distribution  network  where  it  is  amplified 
and  divided  into  10  signals  of  equal  power.  The  10  turning  mirrors  deflect  the  signals 
by  90°  into  the  10  phase  modulators.  Immediately  following  the  phase  modulators  are 
the  amplifiers,  which  boost  the  power  level  to  30  mW  per  amplifier. 


OPTICAL  POWER  LATERAL  BEAM 


Figure  1.  Schematic  representation  of  the  Unit  Cell  illustrates  each  of  the  components 
used  to  make  the  ten-amplifier  linear  array. 
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Waveguides  usinq  gain  to  overcome  any  losses  are  referred  to  as  "active"  integrated 
optics.  An  example  is  the  Unit  Cell  distribution  network,  where  the  power  in  the 
waveguide  is  divided  n  times,  with  n  branching  waveguides,  but  the  ntri  branch  has  the 
same  power  level  as  the  first  branch.  This  is  accomplished  by  adding  enough  gain  at  each 
branch  to  compensate  for  the  power  split  off  at  each  prior  branch  in  the  distribution 
network  along  with  any  modal  losses.  The  moaal  losses  are  power  losses  due  to  scattering 
or  absorption  in  the  material .  This  ability  to  add  gain  into  an  optical  circuit,  at  the 
designer's  discretion,  creates  new  design  capabilities  that  are  not  feasible  with  passive 
waveguides.  We  demonstrated  this  ability  in  the  design  of  our  Unit  Cell. 

The  Unit  Cell  is  a  large-scale  amplifier  chain  integrated  on  an  AlGaAs  wafer,  with  the 
gain  supplied  by  a  Graded  Index  Separate  Confinement  Heterostructure  Single  Quantum  Well 
(GRIN-SCH-SQW)  epitaxial  structure.  This  material  is  suitable  because  it  has  very  low 
passive  modal  losses  (10-20  cm-1)  compared  to  Double  Heterostructure  material 
(120  cm-1).  We  first  observed  this  characteristic  during  tests  on  very  long  lasers 
(■’l  mm)  where  the  threshold  of  the  device  was  observed  to  change  only  slightly  as  a 
function  of  laser  length.  These  experiments  indicated  that  the  modal  losses  were 
10-20  cm- 1 . 

The  waveguides  used  in  the  Unit  Cell  are  forward-biased  to  overcome  the  modal  losses  of 
the  material  and  any  power  losses  due  to  the  integrated  components  (e.g.,  scattering  and 
transmission  losses  at  the  turning  mirrors) .  The  input  branch  becomes  lossless  at  a 
current  density  between  150  and  300  A/cm2,  depending  on  the  quality  of  the  material. 

The  distribution  network,  which  has  a  periodic  loss  of  40%  per  power  splitter  (Y-Branch) , 
must  operate  at  a  current  density  between  500  and  1000  A/cm2  to  achieve  the  same  power 
levels  at  the  first  and  tenth  branches.  The  phase  modulators  operate  at  the  same  current 
density  as  an  input  branch,  and  the  power  amplifiers  operate  at  a  current  density  between 
1500  and  2000  A/cm2. 

The  waveguides  used  to  build  the  Unit  Cell  are  formed  by  a  5-micron-wide  rib 
structure.  The  optical  mode  is  confined  laterally  by  the  increased  index  in  the 
GRIN-SCH-SQW  layers  below  the  rib.  The  magnitude  of  this  perturbation  is  controlled  by 
the  depth  of  the  etch  that  defines  the  rib.  According  to  our  initial  calculations,  a 
5-nicron-wide  rib  supports  a  single  mode  when  the  area  outside  of  the  rib  is  etched  to 
within  0.5  micron  of  the  quantum  well.  This  produces  a  weak  waveguide  that  is  limited  to 
straight  runs  or  very  large  radius  bends.  The  need  for  compact  designs  leads  to  the 
development  of  the  integral  turning  mirrors  shown  in  Figure  1. 

The  total  internal  reflection  (TIR)  mirror  used  in  this  design  is  formed  by  a  Reactive 
Ion  Beam  Etching  (RIBE)  technique.  The  mirror  is  formed  by  etching  through  all  of  the 
epi-layers  and  relying  on  the  index  step  between  the  AlGaAs  guiding  layers  and  air  to 
reflect  the  laser  mode.  Figure  2  includes  a  picture  of  a  typical  mirror  on  a  Unit  Cell. 
The  mirror  is  at  the  edge  of  the  dark  region  (which  is  the  deep  etch)  in  the  photograph. 


Figure  2.  SF,M  photographs  of  the  various  components  of  the  Unit  Cell.  The  center 
photograph  which  is  a  top  view,  shows  the  Unit  Cell  on  the  left  and  the  flexible 
electrical  circuit  on  the  right. 
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The  phase  modulators  are  sections  of  rib  amplifiers  that  have  been  electrically 
isolated  by  a  metal  break  from  both  the  power  amplifiers  and  the  distribution  network. 

The  metal  break,  which  is  simply  a  gap  in  the  metallization,  provides  a  sufficiently  high 
resistance  to  enable  the  forward  bias  on  the  phase  modulators  to  be  controlled 
independently  of  the  other  components  on  the  chip.  The  phases  of  the  optical  modes  are 
changed  by  the  local  heating  of  the  guiding  layers  induced  by  the  forward  current.  As 
the  junction  heats  up,  the  refractive  index  increases,  producing  a  longer  optical  path 
length  and,  consequently,  a  phase  retardation  at  the  output.  Since  this  is  a  thermal 
effect,  the  bandwidth  of  the  modulator  is  estimated  to  be  only  500  kHz. 

The  final  design  for  the  Unit  Cell  was  dictated  by  the  constraints  imposed  on  it  by  the 
two-dimensional  array  design  (Figure  3) .  In  particular,  it  was  necessary  to  design  the 
Unit  Cell  with  all  electrical  and  optical  interfaces  on  one  side  of  the  cell.  This 
configuration  enabled  the  stacking  of  the  Unit  Cells  into  an  array  with  minimal 
interference  from  the  electrical  and  optical  connections.  As  can  be  seen  in  Figures  1 
and  2,  the  flexible  electrical  circuit  and  the  optical  fibers  have  easy  access  to  one  end 
of  the  Unit  Cell. 


100  EMITTER  INJECTION  LOCKED  CONCEPT 


MASTER 

OSCILLATOR 


Figure  3.  Ten  Unit  Cells  are  stacked  to  form  the  100-emitter  two-dimensional  array. 
An  eleventh  cells  serves  as  an  active  distribution  network  for  the  master  oscillator. 


Two-Dimensional  Array  Design 

The  100-emitter,  two-dimensional  array  design  shown  in  Figure  3  is  a  stack  of  10  Unit 
Cells  injection  locked  by  a  single  master  oscillator.  The  master  oscillator  is 
free-space  coupled  to  a  Unit  Cell  through  an  optical  isolator,  which  functions  as  the 
power  splitter/amplifier.  The  use  of  an  active  splitter  as  a  distribution  network 
enables  a  relatively  low-power  master  oscillator  (10-30  mW)  to  injection  lock  the  array. 

The  optical  isolator  is  important  to  prevent  optical  feedback  from  disrupting  the 
stability  of  the  master  oscillator.  For  example,  any  reflections  or  backward  emissions 
from  the  input  port  could  provide  sufficient  signal  to  disrupt  the  stability  of  the 
master  oscillator.  We  are  still  experimenting  with  the  amount  of  isolation  required  but 
at  present  we  are  using  a  Faraday  rotator  that  is  capable  of  attenuating  a  backward 
propagating  signal  by  30  dB.  As  a  precaution  against  feedback  and  to  ensure  high  optical 
transmission  through  each  optical  element  of  the  system,  all  optical  interfaces  are 
coated  with  a  high  quality  antireflection  coating  (R  <  0.0025). 
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The  distribution  cell's  10  amplifier  outputs  are  coupled  to  10  optical  fibers  which 
transmit  the  injection  locking  signals  to  each  of  the  Unit  Cells  in  the  array.  These 
single-mode  polarization-preserving  optical  fibers  are  butt  coupled  at  each  end  with  a 
9-15%  coupling  efficiency  for  the  signal.  This  should  provide  an  injection  locking 
signal  of  l  to  4  mW  at  each  Unit  Cell  in  the  array.  Experiments  have  shown  that  this 
power  level  is  sufficient  to  injection  lock  the  Unit  Cells  (Figure  4). 
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Figure  4.  Injection-locking  spectrum  of  a  Unit  Cell.  The  narrow  peak  is  the  amplified 
master  oscillator  signal  and  the  broad  spectrum  is  spontaneous  emission.  The  vertical 
scale  is  5  dB/div;  the  horizontal  scale  is  10  nm/div. 

The  array,  when  stacked,  has  a  horizontal  emirter  spacing  of  1.0  mm  and  a  vertical 
spacing  of  1.5  mm.  Arrays  of  crossed  cylindrical  lenses,  as  shown  in  Figure  3,  collimate 
the  diverging  beams.  in  the  fast  axis  the  lenses  are  approximately  f/1;  in  the  slow  axis 
they  are  approximately  f/5.  Each  lens  produces  a  Strehl  ratio  of  0.9  at  the  best  focus. 

The  mechanical  components  necessary  in  a  stacked  design  make  it  difficult  to  align  all 
100  emitters  to  an  absolute  position.  Consequently,  the  combination  of  tight  alignment 
tolerances  on  the  optics,  realistic  mechanical  positioning  errors  for  each  emitter,  and 
the  use  of  crossed  cylinder  lenses  for  collimation,  results  in  a  small  pointing  error  for 
each  emitter.  This  pointing  error  is  corrected  by  placing  a  small  wedge  plate  in  front 
of  each  emitter.  This  wedge  plate  is  a  microscope  cover  slip  placed  in  a  drop  of  cement, 
which  is  tilted  to  correct  the  pointing  error.  The  small  tilt  on  the  wedge  plate 
produces  a  wedge  of  optical  cement  under  the  plate,  which  is  the  actual  correcting 
element.  A  more  sophisticated  technique  using  diffractive  optics  is  currently  being 
studied  ana  appears  promising. 


Unit  Cell  Results 


The  GRIN-SCH-SQW  material  was  grown  and  processed  into  Unit  Cells  by  McDonnell 
Douglas.  The  ribs  and  mirrors  were  fabricated  with  the  RIBE  process.  The  metallizations 
and  photolithography  techniques  are  standard  methods. 

Characterization  of  each  component's  performance  was  determined  by  two  methods.  The 
first  technique  measures  the  threshold,  slope  efficiency,  and  modal  characteristics  of 
each  component  when  it  is  operated  as  a  laser.  Using  this  technique,  we  have  measured 
turning  mirror  losses  as  low  as  0.10,  Y-Branch  splitting  ratios  of  60:40  (60%  of  power 
continues  straight  and  40%  is  split  off) ,  and  beam  expanders  with  a  5-micron-wide  mode  at 
one  end  of  the  device  (1/e2  points)  and  14-micron-wide  modes  at  the  other  end.  These 
results  were  confirmed  with  injection-locking  experiments.  In  addition,  by  using  an 
injected  signal,  we  confirmed  the  performance  of  the  forward-biased  phase  modulators. 
An-  radian  phase  shift  was  observed  for  an  18  mA  change  in  current.  This  phase  shift 
corresponds  to  a  3  radian/C°  temperature  coefficient.  Finally,  we  characterized 
5-micron  rib  lasers  and  laser  amplifiers  using  these  techniques.  In  general,  the 
threshold  current  densities  were  higher  for  the  lasers  than  expected  (200-300  A/cm2) 
while  the  slope  efficiencies  (0.5  W/A)  were  similar  to  the  larger,  60-micron-wide, 
oxide-defined  devices  used  to  characterize  each  wafer. 

The  Unit  Cells  were  tested  by  injecting  a  signal  from  a  frequency-stablized  laser  diode 
while  monitoring  the  optical  spectrum  and  the  fringe  visibility.  The  power  of  this 
signal  varied  from  1  to  20  mW.  Figure  4  is  an  optical  spectrum  of  an  injection-locked 
Unit  Cell.  The  vertical  axis  is  5  dB/div  and  the  horizontal  is  10  nm/div.  Calculation 
from  this  data  shows  tnat  0.8  of  the  power  being  detected  by  the  spectrum  analyzer  is  at 
the  same  frequency  as  the  master  oscillator.  This  result  is  in  reasonable  agreement  with 
a  measurement  based  on  the  visibility  of  the  fringes  in  the  far-field. 


457 


Since  the  emitters  are  equally  spaced  on  the  Unit  Cell,  the  output  is  in  the  form  of  a 
classical  Young's  interference  pattern.  Figure  5  shows  four  sets  of  fringes  for  a 
working  Unit  Cell  without  collimating  lenses.  The  fringes  in  Figure  5a  are  formed  by 
interfering  emitters  1  and  10,  which  are  separated  by  9  mm.  The  visibility  of  the 

fringes  is  calculated  by  taking  the  ratio  of  ( Imax-Imin) / ( Imax+Imin^  ... 

greater  than  0.7.  Figure  5b  results  when  the  phase  front  formed  by  all  10  emitters  is 
flat.  Figure  5c  is  the  interference  pattern  for  all  ten  emitters  the  phase  front  across 
the  array  is  random.  Figure  5d  results  when  the  phases  of  all  emitters  are  equal.  This 
interference  pattern  was  obtained  with  the  Unit  Cell  operating  at  300  mW  CW  with  only  0.6 
mW  (2  mW  incident  on  the  input  port)  injected  by  the  master  oscillator.  The  Unit  Cell 
electrical-to-optical  conversion  efficiency  was  estimated  to  be  13%.  The  phase  alignment 
was  performed  by  adjusting  the  forward  bias  on  each  modulator  by  hand.  The  fringes  were 
stable  in  position  for  time  periods  as  great  as  one  hour.  The  fringes  shifted  their 
position  only  when  the  master  oscillator  changed  frequency. 
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Figure  5.  Interference  fringes  between  emitters  on  a  Unit  Cell:  a)  emitters  1  and  10; 
b)  emitters  1-4  phase  aligned;  c)  emitters  1-10  randomly  phased;  and  d)  emitters  1-10 
phase  aligned. 


Summary 

An  integrated  optics  technology  has  been  described  that  was  used  to  build  a  linear 
optical  phased  array.  This  Unit  Cell  consisted  of  several  waveguide  components  that  were 
integrated  onto  a  single  chip.  With  only  a  few  milliwatts  of  injection  power,  the  Unit 
Cells  operated  at  300  mW  CW  with  greater  than  0.80  coherence  across  the  output  aperture. 
This  corresponded  to  a  13%  electrical-to-optical  power  conversion  efficiency. 

The  high  power  capability  of  these  arrays  suggests  that  laser  communication  systems, 
optical  scanning  systems,  and  laser  radar  systems  based  on  laser  diode  arrays  are 
feasible.  in  addition,  the  integrated  optics  techniques  developed  for  the  Unit  Cell  are 
sufficiently  generic  for  application  in  high-speed  optical  interconnects  for  computers, 
high-speed  optical  computers,  and  multiplexers  for  optical  switching  networks. 
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EXPERIMENTAL  VERIFICATION  OF  OPTICAL  FEEDBACK  REGIMES 
FOR  A  1.3  iim  FP  LASER  DIODE 

I.  Kappel.  W.  Heinlein 
Universitat  Kaiserslautern 
Erwin-Schrodinger-Strafie 
D-6T50  Kaiserslautern  (FRG) 


Abstract 


Dominant  mode  linewidth  and  relative  intensity  noise  of  a  ridge- waveguide  diode  laser  were 
measured  under  variable  optical  feedback  phase.  Comparing  the  results  to  single-mode  laser 
linewidth  theory  three  feedback  regimes  are  clearly  identified  and  characterized. 


Introduction 


Fabry-Perot  type  diode  lasers  are  widely  used  in  fiber  optic  communication  systems  at  1.3  pm 
where  chromatic  dispersion  of  conventional  fibers  is  minimal.  These  systems  are  deteriorated  by 
small  but  inevitable  amounts  of  parasitic  feedback  1>2.  On  the  other  hand  controlled  feedback  can 
improve  the  laser's  characteristics  3  .  Therefore  detailed  information  about  the  feedback  behavior 
is  needed.  Theoretical  and  experimental  work  so  far  focussed  mainly  on  single-mode  lasers  *-9-6. 
Our  work  concentrates  on  coherent  feedback  effects  and  correspondent  experimental  results. 

Device  under  test 


The  laser  under  test  was  of  metal-clad  ridge- waveguide  type7.  Without  feedback  the  sidemode 
suppression  was  more  than  14  dB  and  the  linewidth  about  120  MHz  for  the  chosen  operating  point. 

Experimental  set-up 


To  obtain  exactly  defined  coherent  feedback  a  short  external  cavity  consisting  of  a  collimating  lens 
and  a  piezo-translatable  plane  mirror  was  assembled  to  the  laser.  Feedback  phase  could  be  adjusted 
using  a  special  mirror  position  control  scheme  with  a  resolution  of  10  nm.  Feedback  intensity  was 
varied  by  tilted  neutral  density  filters. 

The  experimental  arrangement,  sketched  by  Fig.  I.  allows  to  use  part  of  the  emission  for  inten¬ 
sity  noise  evaluation  while  spectral  analysis  can  be  performed  simultaneously.  A  grating  spectro¬ 
meter  measures  the  longitudinal  mode  spectrum  and  selects  a  single  mode  for  linewidth  determi¬ 
nation.  Linewidth  is  measured  either  with  high  resolution  using  a  self-heterodyne  set-up8  or  by  a 
confocal  Fabry-Perot  interferometer  that  is  also  used  for  monitoring  the  relative  optical  frequency 
deviation. 


MODE  SPECTRUM 


Fig.  1  Scheme  of  experimental  tet-up 
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Feedback  strength 


For  characterization  of  the  feedback  strength  we  use  the  feedback  parameter  C  given  by1 


/  1  .  a3 


where  a„  includes  all  field  attenuation  effects  of  the  external  cavity,  tx  is  the  external  cavity 
roundtrip  time,  xD  the  laser  roundtrip  time,  R  the  power  reflectivity  of  the  laser  facet  and  et  Henry's 
linewidth  enhancement  factor. 


variation  with  an  amplitude  of  300  MHz.  Linewidth  is  plotted  unseated  for  comparison.  Note  that 
low  linewidth  coincides  with  the  rising  slope  of  frequency  deviation.  (Such  diagrams  giving  tne 
relation  between  linewidth  and  optical  frequency  are  important  for  the  development  of  automatic 
linewidth  control  schemes.) 

In  the  case  of  m  e  d  i  u  m  feedback  intensity,  exemplified  by  Fig.  4.  the  linewidth  varies  with 
feedback  phase  change  from  50  MHz  to  very  high  values.  We  have  fitted  a  theoretical  curve  (solid 


Fig.  4  Linewidth  vs.  feedback  phase  for  medium  feedback  (C  -  0.85) 

line)  using  Eq.  (2)  with  C-0.85.  Linewidth  does  not  reach  its  theoretical  minimum  due  to  poor 
sidemode  suppression  that  results  in  enhanced  mode  partition  noise.  Between  the  rising  slopes 
linewidth  is  lowered  by  external  cavity  mode  (XCM)-hopping  Though  not  totally  resolved  the 
effect  becomes  obvious  in  the  time-averaged  intensity  spectrum,  Fig.  5.  The  splitting  of  the 
emission  line  extends  over  a  few  GHz  and  varies  with  feedback  phase6. 


Wavelength  /  nn 

Fig.  5  Intensity  spectrum  showing  XCM-hopping  for  medium  feedback  (C  •  O  85) 
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For  large  feedback  intensity  the  laser  linewidth  could  be  reduced  to  2  MHz  by  varying  the 
feedback  phase.  This  is  shown  in  the  upper  part  of  Fig.  6.  The  dots  represent  measurement  data, 
the  solid  line  calculated  data  using  Eq.  (2)  with  C-13.  Again  the  lowest  theoretical  value  is  not 
reached  because  of  mode  competition  It  is  especially  important  to  note  that  the  measured  data  do 
not  represent  the  same  longitudinal  mode.  As  feedback  phase  increases,  mode  switching  occurs 
with  a  steep  rise  in  linewidth  After  a  small  amount  of  further  phase  increase,  another  mode 
becomes  dominating,  again  with  low  linewidth.  The  measured  relative  intensity  noise  (RIN),  see 
the  lower  part  of  Fig.  6,  shows  that  this  mode  switching  is  accompanied  by  a  sharp  increase  of 
mode  partition  noise,  measured  at  100  MHz  within  a  bandwidth  of  2  MHz.  Note  that  the  phase 
regions  in  which  mode  hopping  occurs  are  of  different  extension. 


0  0  5  1  1.5  2 

Feedback  Phase  Change  /  It  rad 


Fig  6  Linewidth  and  Relative  Intensity  Noise  (RIN)  for  large  feedback  (C  ■  13) 

Discussion 


Plotting  linewidth  according  to  Eq  (2)  as  function  of  the  feedback  parameter  C  the  diagram  of 
Fig  7  results  Here  the  solid  lines  border  the  area  in  which  a  single-mode  laser's  linewidth  lies, 
the  exact  value  depending  on  the  feedback  phase  A  multimode  laser  shows  the  same  behavior 
only  for  sufficiently  low  feedback  parameters  C  In  this  case  the  laser  is  continuously  tuned  in 
frequency  and  linewidth.  therefore  the  term  'tuning  region*  seems  appropriate.  In  the  medium 
feedback  regime  line-splitting  with  values  up  to  the  XCM  spacing  occurs  However,  our  measure- 
men's  suggest  that  mode  hopping  may  occur  already  for  C«l.  For  larger  feedback  parameters  (C»l) 
longitudinal  mode  transitions  took  place  and  the  laser  was  multimode  within  large  feedback  phase 
regions  These  regions  became  smaller  for  increasing  feedback  intensity  ,  so  that  sudden  longitu¬ 
dinal  mode  jumps  happened,  if  the  feedback  phase  changed  only  slightly  at  critical  values.  For  C 
around  10  the  term  "Fabry  Perot  mode  (FPM)  switching  region"  was  chosen. 

In  conclusion  the  above  exemplified  cases  characterize  a  typical  FP  diode  laser's  feedback 
behavior  for  a  practical  important  range  of  feedback  intensity,  stressing  especially  the  influence  of 
the  feedback  phase  that  is  of  essential  importance  for  both  parasitic  near  reflections  and  short 
external  cavities 
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Switching 

Region 


Fig.  7  Normalized  linewidth  vs.  feedback  parameter . 

Solid  lines:  cosA<px-Sl,  dashed  line:  cosA<px--l. 
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ENHANCEMENT  FACTOR  OF  SEMICONDUCTOR  LASERS 


By  j.  Brachetti,  W.  Hainlain.  University  of  Kaiserslautern, 
Fachbereich  Elektrotechnik 
Postfach  3049 
D-6750  Kaiserslautern 
Fed. Rep,  of  Germany 


Abstract 


The  linewidth  enhancement  factor  a  was  numerically  calculated  using  a  new  method  based  on  the  solution  of  the 
rate  equations  Results  show  that  a  can  be  considerably  reduced  by  increasing  the  volume  of  the  cavity. 


Introduction 

In  optical  communication  systems  the  spectral  linewidth  is  desired  to  be  very  narrow.  Due  to  the  carrier  dependence 
of  the  refractive  index  of  the  active  layer  in  semiconductor  lasers,  however,  there  is  an  additional  linewidth 
broadening  So  a  way  to  a  reduction  of  the  linewidth  by  reducing  the  linewidth  enhancement  factor  is  of  great 
interest  The  subject  of  this  paper  is  to  present  a  numerical  method  for  the  calculation  and  minimization  of  the 
.mewidth  enhancement  factor  a. 


Linewidth  Enhancement  Factor 


no  inewidtn  enhancement  factor  is  defined  as  the  ratio  of  the  change  in  the  real  and  imaginary  part  of  the 
complex  refractive  index  due  to  fluctuations  in  carrier  density1 

An'(n_) 

a  =  - 5 -  (H 

An  "(n„) 

The  Dasic  idea  of  the  method  presented  here  is  to  calculate  numerically  the  fluctuations  of  the  carrier  density 
remesented  bv  its  maximum  and  minimum  and  hence  to  determine  the  change  of  the  complex  refractive  index. 
Assuming  a  uneat  dependence  of  the  real  part  on  carrier  density  and  expressing  the  imaginary  part  in  terms  of  the 
gain  the  finai  equation  for  a  is  obtained: 
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For  an  explanation  of  the  variables  see  Table  i 


fable  i 

meaning  of  symbols  in  Eq  1  3 
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complex  refractive  index  of  the  active  layer 
carrier  density  or  number  of  carriers  (in  Eq.3) 
range  of  fluctuations  of  the  carrier  density 
gain  of  the  laser  medium 
number  of  photons  in  the  mode  v 
I.angevin  noise  sources  in  the  electron  and 
photon  equations 

constant  of  proportionality  (see  Eq.3.I  of  Ref. 6) 
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Multimode  Rate  Equations 


The  maximum  and  the  minimum  of  the  carrier  density  is  determined  from  the  solution  of  the  multimode  rate 
equations  including  Langevin  sources  The  rate  equations  presented  here  follow  the  notation  of  Marcuse2: 


£*- 

=  !M  i 

e  *  sp 

dSv. 

dt 

=  ESpV(  ne^ 

Calculated  Gain  Function 


(3} 


(gv(  ne  )-ol  )Sv+  Fv(t) 


The  gain  function  is  a  very  important  parameter  within  the  rata  equations  as  well  as  for  the  evaluation  of  the  a  factor 
as  giver,  in  F.q.(2)  So  soecial  care  was  taken  to  determine  the  spectral  gain  under  the  assumption  of  a  parabolic 
structure  of  the  conduction  and  valence  band.  The  analytic  function  approximating  the  numerical  calculated  gain 
is  given  in  F.q.  (4)  and  (5)3: 


Fig  I  Gain  function  vs  wavelength  calculated  under  the  assumption  of  parabolic  bands 


In  Fig.  1  the  gain  from  Eq.  (4)  is  plotted  versus  wavelength  for  carrier  densities  of  0  6.  10  and  1.4  101B  cm'3.  The 
main  characteristics  of  this  gain  function  are  the  spectra!  shift  of  the  maximum,  the  nonlinear  increase  of  the 
maximum  with  respect  to  carrier  density  and  the  spectral  asymmetry  of  the  gain. 

Measured  Gain  Function 


The  modelling  of  the  gain  from  Eq.(4)  seems  quite  reasonable  with  regard  to  gain  measurements^which  are  plotted 
in  Fig.  2  for  a  mushroom  type  laser  diode®.  As  can  be  seen  from  Fig  2  the  spectral  shift  of  the  gain  maximum  has  to 
be  taken  into  account. 


Fig.  2  Measured  net  gain  versus  wavelength  for  various  injection  currents  CItv,-26mA5 

With  the  parameters  of  the  calculated  gain  function  fitted  to  measurements  simulations  were  carried  out  for  varying 
geometrical  structures  of  the  cavity  of  the  laser  diode  in  order  lo  determine  the  fluctuations  of  the  carrier  density 
An  example  of  these  simulations  with  the  parameters  of  Table  l|  is  shown  in  Fig  3. 


Table  li 

values  of  parameters  used  in  the  simulation  in  Fig. 3 
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Fig.  3  Tima  dependence  of  the  number  of  carrieri  and  photons  in  the  -2.  -1  and  main  mode  (total  number  of  photons 
is  plotted  additionally). 

The  upper  curve  represents  the  number  of  carriers  from  which  the  maximum  and  minimum  is  determined. 


Numerical  Results 


With  these  values  of  carrier  density  and  the  corresponding  gain  or  factors  were  calculated  from  Eq.  C2).  In  Fig.  4 
results  are  plotted  versus  the  volume  of  the  cavity.  Here  the  rectangular  cross  section  was  kept  constant.  The  width 
was  w  *  2  (im.  the  thickness  d  •  0.2  (im.  So  the  volume  was  increased  by  increasing  the  length. 


CAVITY  VOLUME  /  I**! 


Fig.  4  Linewidth  enhancement  factors  versus  volume  of  the  cavity.  Intrinsic  a  factor  (lower  curve)  and  effective  ot 
factors  (upper  curves).  (  X-axis  in  lateral  direction) 
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A«  can  be  seen  by  increasing  tha  cavity  length  from  L  -  2S0  |im  to  L  ■  600  (tm  a  can  be  reduced  from  S.8  to  3.6.  The 
upper  curve!  repreient  effective  a  bated  on  the  calculation  of  effective  refractive  indicet  that  were  determined 
from  the  model  of  the  active  rectangular  dielectric  waveguide.3 

In  Fig.  S  the  dependence  of  a  on  the  width  of  the  active  stripe  it  plotted.  For  larger  volumes  of  the  cavity  there  it 
no  significant  dependence  on  the  stripe  width. 
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WIDTH  OF  THE  ACTIVE  STRIPE  W  /  UM 

Fig.  5  Intrinsic  linewidth  enhancement  factor  a  versus  width  of  the  cavity  for  a  volume  V  -  100  |im3  and 
V  -  200  iim3  respectively. 

Also,  no  significant  dependence  of  a  on  the  injection  current  above  threshold  can  be  evaluated  (Fig.6). 


I  /  I_TH 


Fig.  6  Linewidth  enhancement  factor  a  versus  the  injection  current  (  biased  above  threshold  ). 
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Conclusion 

Tha  method  presented  here  permits  the  calculation  of  the  linewidth  enhancement  factor  a  for  a  specific  device  and 
therefore  the  optimization  (  with  regard  to  a  reduction)  by  the  variation  of  material,  geometric  and  operational 
parameters.  The  result  is  that  the  a  factor  can  be  decreased  by  increasing  the  volume  of  the  active  cavity. 
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LASER  DIODE  PHASE  LOCKING  USING  PHOTORKFRACTIVE  COUPLING 
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ABSTRACT 

Several  authors  have  reported  strong  frequency  pulling  while  coupling  laser  diodes  using  phase 
conjugation.  However,  to  our  knowledge,  no  one  has  proven  stable  phase  locking  by  interfering 
the  laser  outputs  to  show  stable  fringes.  We  have  been  successful  in  showing  a  stable  lock,  and 
compare  our  geometry  with  those  proposed  previously. 
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I.  Introduction 

Laser  diodes  show  great  promise  because  of  their 
size,  efficiency,  and  ruggedness,  but  are  limited  in 
their  output  power  due  to  facet  damage  at  high  out¬ 
put  densities.  Use  of  larger  facet  areas  yields 
lasers  with  uncontrollable  transverse  modes  and  poor 
wavefront  quality.  Many  manufacturers  offer  arrays 
which  add  the  power  of  "n"  individual  diodes  inco¬ 
herently,  or  coherently  if  the  lasers  are  close 
enough  on  the  chip  so  evanescent  waves  out  of  each 
gain  section  couple  nearest  neighbors.  Unfortunate¬ 
ly,  in  the  latter  case,  although  the  nearest  neigh¬ 
bors  are  phase  locked  (coherent  with  one  another) 
they  are  very  often  180  out  of  phase  resulting  in  a 
two  lobe  far  field  pattern.  Another  disadvantage  to 
this  close  pack  arrangement  is  the  problem  of  heat 
sinking  the  device.  If  "n"  individual  diodes  could 
be  made  both  coherent  and  in  phase,  higher  bright¬ 
ness  could  be  obtained  when  their  outputs  are  com¬ 
bined  into  a  single  beam.  Photoref ractive  coupling 
of  individual  lasers  accomplishes  this  and  several 
advantages  will  be  discussed. 

II.  The  Photoref ractive  Effect 

To  understand  the  relevant  photoref  ractive  phe¬ 
nomena  that  occur  for  laser  coupling,  five  concepts 
must  be  brought  forth.  These  include:  index  grat¬ 
ing  formation,  degenerate  four  wave  mixing,  two  wave 
mixing,  beam  fanning,  and  phase  conjugate  rings.  In 
the  following  discussion  all  signs  (charge,  C-axis, 
etc.)  relate  to  BaTiO  .  For  other  photoref ractive 
materials  they  may  be  different,  but  this  in  no  way 
changes  the  general  concepts  which  are  presented 
here . 

If  two  coherent  waves  overlap,  they  will  inter¬ 
fere  to  produce  light  and  dark  areas,  or  fringes. 
These  fringes  are  not  two  dimensional  as  is  usually 
thought  since  most  observations  are  done  on  a 
screen,  but  they  are  three  dimensional  in  space.  If 
the  waves  are  plane  waves,  the  fringe  intensity 
pattern  is  a  layered  stack  of  high  intensity  and  low 
intensity  planes.  The  normal  to  these  planes  (or 
the  k  vector)  is  normal  to  a  vector  which  bisects 
the  k  vectors  of  the  two  original  beams  (k.^  and  k  ) 


and  is  parallel  to  k^-k  .  The  intensity  of  the 
interference  pattern  along  the  normal  to  these 
plages  is  shown  in  figure  1  and  is  proportional  to 
sin  (x)  .  The  light  produces  electron-hole  pairs. 
The  positive  charges  drift  toward  the  low  intensity 
regions  producing  planes  of  positive  and  negative 
electronic  charges  replicating  the  fringes.  The 
charge  distribution  yields  an  electric  field, 
according  to  Poisson's  equation,  which  is  shifted 
1/4  period  or  90  from  the  charge  pattern.  The 
electric  field  induces  an  index  of  refraction  change 
through  the  Pockel  effect.  The  net  result  is  a 
volume  index  grating  with  repeating  planes  of  high 
and  low  refractive  index,  parallel  with  the  original 
fringe  or  intensity  pattern,  but  shifted  by  90  . 
This  shift  is  important  in  analyzing  two  beam 
coupling. 


Fig.  1  Formation  of  a  photoref ractive  index  grating. 
(From  ref.  1) 

Degenerate  four  wave  mixing  is  one  means  of 
producing  a  phase  conjugate  beam.  In  figure  2  there 
are  3  beams  incident  on  an  appropriate  nonlinear 
medium,  two  pump  beams,  k^,  and  k  ,  and  a  gignal  beam 
k  .  The  fourth  beam  is  the  exit  beam  k  .  The  two 
pump  beams  are  antiparallel  and  all  incident  beams 
should  be  of  the  same  frequency.  As  depicted  in 
figure  2  (top),  if  the  first  pump  beam  and  the  sig¬ 
nal  beam  are  coherent  they  will  interfere  and  pro¬ 
duce  an  index  grating  by  the  photoref ractive  effect. 
The  second  pump  beam,  antiparallel  to  the  first, 
will  Bragg  reflect  (scatter  or  diffract)  from  this 
index  grating  into  the  direction  from  which  kg  came. 
A  useful  property  of  this  interaction  is  that  if  the 
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two  pump  waves  are  phase  conjugates  of  each  other 
(their  wave  fronts  are  exactly  opposite,  for  example 
one  is  converging  the  other  diverging) ,  the  result¬ 
ant  index  grating  will  not  be  flat  planes  but  will 
have  a  shape  due  to  the  wavefronts  of  both  tne  pump 
and  the  signal  beam.  When  the  second  pump  wave 
reflects  from  this  grating,  the  aberration^  of  the 
pump  waves  cancel  and  the  resultant  beam,  k  ,  has  a 

s 

wavefront  exactly  opposite  the  signal's  wavefront. 
This  is  known  as  phase  conjugation.  This  property 
is  important  because  the  signal  injected  into  a 
laser  to  phase  lock  it  should  have  the  same  spatial 
mode  profile  as  the  laser  itself  to  obtain  good 
coupling.  Another  useful  property  of  four  wave 
mixing  is  that  the  pump  beams  can  be  of  higher  power 
than  the  signal  beam.  Under  this  condition,  the 
beam  returned  antiparallel  to  the  signal  beam  can  be 
much  stronger  than  the  signal  beam  and  it  appears 
that  the  signal  beam  was  reflected  back  onto  itself 
with  better  than  100%  reflectance! 


Fig.  2  Degenerate  four  wave  mixing,  (top)  k^ 
interferes  with  k^  to  form  the  grating,  (bottom)  k^ 
interferes  with  k^  to  form  the  grating. 

Returning  to  figure  2  (bottom),  the  signal  beam 
can  also  interfere  with  the  second  pump  beam,  and 
produce  an  index  grating.  In  this  case,  the  first 
pump  beam  reflects  off  the  grating  to  produce  the 
phase  conjugate  of  the  signal  beam.  Which  case 
predominates  can  be  determined  a  priori  by  having 
one  of  the  pump  beams  incoherent  (but  of  the  same 
frequency)  with  the  signal  beam  or  rotating  its 
polarization  perpendicular  to  the  signal's.  When 
using  a  photoref ractive  crystal,  the  spacing  of  the 
fringes  or  the  angle  the  grating  vector  makes  with 
the  crystal's  C  axis  will  help  determine  the  domin¬ 
ant  case.  In  the  former  case,  either  too  wide  (too 
long  of  a  diffusion  distance  for  the  charges)  or  too 
narrow  (too  high  of  a  spatial  frequency)  spacing  of 
the  fringes  may  render  one  case  less  prominent.  In 
general,  it  should  be  remembered  that  the  angle  the 
signal  beam  makes  with  the  pump  beams  is  unimport¬ 
ant,  the  phase  conjugate  beam  is  always  reflected 
back  onto  the  signal  beam! 

Two  beam  coupling  relies,  as  the  name  implies,  on 
just  two  coherent  input  beams,  figure  3.  The  two 


beams  interfere  and  produce  an  index  grating  in  the 
photoref ractive  material.  Due  to  the  index  grating 
being  90  phase  shifted  toward  the  +C  axis  from  the 
interference  fringes,  and  reflection  from  any  grat¬ 
ing  causing  a  -90  phase  shift,  the  beam  propagating 
more  towards  the  -C  axis  (beam  1)  experiences  no 
phase  change  upon  reflecting  from  this  grating. 
This  beam  combines  with  the  transmitted  beam  (from 
beam  2)  constructively.  However,  the  beam  propagat¬ 
ing  more  towards  the  +C  axis  experiences  a  180° 
phase  shift  and  combines  with  the  transmitted  beam 
(from  beam  1)  destructively.  The  net  effect  is  that 
it  appears  that  the  beam  propagating  more  towards 
the  +C  axis  (beam  2)  is  amplified  and  beam  1  is 
depleted.  There  is  no  crosstalk  between  the  two 
beams'  wavefronts.  Beam  l's  wavefront  will  be  im¬ 
printed  onto  the  formed  grating.  When  beam  1  is 
reflected  from  the  grating  this  wavefront  shape  is 
subtracted.  This  leaves  beam  2'  with  just  the  wave- 
front  of  beam  2.  The  net  useful  result  is  that  a 
weak  diffraction  limited  beam  may  be  amplified  by  a 
strong  highly  aberrated  beam  with  very  little  detri¬ 
mental  effects  to  the  wavefront. 


Tig.  3  Two  beam  coupling,  aberrated  beam  1 
amplifies  unaberrated  beam  2. 

Beam  fanning,  figure  4,  was  the  initial  photo- 
refractive  effect  observed.  It  was  initially 
thought  to  be  laser  damage  to  the  crystal.  By 
sending  one  beam  into  a  photoref ractive  crystal,  any 
Scattered  light  that  overlaps  the  original  beam  and 
is  also  propagating  more  towards  the  +C  axis  than 
the  original  beam  is  amplified  by  two  wave  mixing. 
In  easily  obtained  geometries,  this  fanned  light  can 
comprise  20-30  and  fully  deplete  the  input  beam. 
The  beam  will  not  fan  beyond  the  C  axis,  thus  the 
dotted  beam,  in  figure  4,  is  not  amplified. 

The  above  phenomena  and/or  concepts  can  be  com¬ 
bined  to  show  how  a  self  pumped  phase  conjugate  ring 
works.  It  is  quite  useful  since  only  a  few  milli¬ 
watts  of  input  power  are  required,  and  because  it  is 
equal  path,  a  source  with  a  broad  linewidth  may  be 
phase  conjugated.  As  depicted  in  figure  5,  the 
incoming  beam  is  transmitted  through  the  crystal, 
around  the  ring  counter  clockwise  and  reenters  the 
crystal  as  beam  2.  Beam  fanning  also  occurs  with 
some  exactly  antiparallel  to  beam  2.  The  fanned 
light  transverses  the  ring  clockwise  and  enters  the 
crystal  as  beam  3.  Beams  2  and  3  have  travelled  the 
same  distance,  they  interfere  and  create  an  index 
grating  by  the  photoref ractive  effect.  This  grating 
is  initially  very  weak,  but  the  incident  oeam  Bragg 
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that  the  frequencies  of  the  two  lasers  were  pulled 
to  be  the  same  and,  at  the  same  time,  that  the  res¬ 
pective  outputs  show  stable  fringes  when  interfered. 
Unfortunately,  the  two  groups  (3  and  4)  reporting 
diode  laser  phase  locking  only  showed  frequency 
pulling  of  the  two  sources  (and  only  on  a  medium 
resolution  monochromator,  not  a  high  resolution 
instrument)  and  not  the  interferometric  data.  The 
geometry  and  results  from  references  3  and  4  are 
summarized  in  figures  6  and  7.  Because  of  the 
nonlinear  nature  of  the  semiconductor  gain  medium 
and  the  time  delayed  feedback  (see  section  IV), 
questions  about  the  locking  phenomena  with  diode 
lasers  remained. 


Fig.  4  Beam  fanning,  the  crystal  edges  are  beyond 
the  edges  of  the  figure. 

reflects  from  this  initial  grating  (with  no  phase 
change)  causing  beam  3  to  now  be  much  stronger.  The 
process  eventually  stabilizes;  the  two  counter  prop¬ 
agating  beams  in  the  ring  become  nearly  the  same 
intensity.  The  resultant  phase  conjugate  beam  can 
be  as^  much  as  60%  of  the  power  of  the  incident 
beam.  The  output  beam  is  the  coherent  addition  of 
the  input  that  is  divided  into  two  beams,  one  that 
travels  around  the  ring  clockwise,  the  other  counter 
clockwise,  and  recombined  at  the  grating. 
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Fig.  5  "'he  self-pumped  phe^e  conjugate  ring. 

The  main  use  of  such  a  ring,  as  far  as  this  paper 
is  concerned,  is  that  inside  the  crystal,  figure  5, 
there  are  two  counter  propagating  beams  that  are 
phase  conjugates  of  one  another,  exactly  the  re¬ 
quirement  for  the  pump  beams  in  degenerate  four  wave 
m;xing!  Sending  a  beam  from  a  second  laser  into  a 
photoref  ract  ive  crystal  with  counte r -p'-opaga*- inq 
pump  beams  will  yield  a  phase  conjugate  beam  back 
into  the  second  laser  with  its  same  mode  structure, 
but  the  photons  would  be  from  the  first  laser.  As 
discussed  earlier,  this  beam  must  be  coherent  with 
at  least  one  pump  beam  at  first,  i.e.  the  lasers 
must  already  be,  at  least  partially,  coherent  (phase 
locked)  for  this  to  happen. 

III.  Previous  Photoref ract ive  Coupling  Experiments 

In  the  last  three  years  several  groups  have  sug¬ 
gested  or  reported  use  of  photoref ract ive  techniques 

to  phase  lock  lasers:  M.  Cronin-Golomb  et.al.  ,  s. 

4  5  6 

Segev  et.  al.  ^  White  et.  al.  ,  J.  Fe^nberg  ,  M. 

Krame^  et.  al.  ,  S.  St^pnklar  et.  al.  ,  A.M.C. 

Smout  ,  and  M.  Ewbank  Cronin-Golomb  et.al. 

reported  that  they  phase  locked  two  GaAlAs  lasers, 

Segev  et.  al.  reported  locking  two  GaAlAs  laser 

arrays,  references  5-7  reported  phase  locking  other 

laser  systems,  dye  and  argon,  while  references  8-10 

suggest  other  geometries.  References  5-7  show  both 


Fig.  6  (Top)  Phase  locking  geometry,  (bottom)  a) 
uncoupled  laser  1  without  phase  conjugate  feedback, 
b)  uncoupled  laser  2  without  phase  conjugate  feed¬ 
back,  c)  laser  1  coupled  to  laser  2,  d)  laser  2 
coupled  to  laser  1,  e)  laser  1  with  phase  conjugate 
feedback,  laser  2  off.  (From  ref.  3) 

The  early  results  of  ref.  3  were  very  encouraging 
to  many  in  the  laser  diode  field  as  a  possible  way 
to  phase  lock  several  low  power  diode  lasers  which 
could  then  be  combined  into  one  beam  with  high 
brightness.  Note  that  the  arrangement  in  figure  6 
is  much  like  that  suggested  in  the  last  section  of 
this  paper,  and  that  the  C  axis  in  figure  6  was 
reported  using  a  convention  opposite  than  what  is 
usually  used.  The  authors  of  reference  3  concluded 
that  laser  2  became  coherent  to  laser  1  due,  ini¬ 
tially,  to  fanned  light  from  laser  1  injection 
locking  laser  2  slightly.  Thus,  coherent  four  wave 
mixing  could  occur  yielding  stronger  coupling. 

We  tried  repeating  this  experiment,  but  with  two 
major  changes.  To  obtain  the  strongest  fanned  light 
from  laser  1  onto  laser  2,  we  placed  laser  2  such 
that  its  beam  was  antiparallel  to  that  shown  (see 
fig.  9)  .  Further,  we  used  Sharp  LT015  lasers  which 
lase  on  a  single  transverse  and  single  longitudinal 
mode  when  free  running.  Our  initial  results  also 
showed  the  strong  frequency  pulling.  The  spectra  of 
the  lasers  were  almost  identical,  however,  our 
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Fig.  7  (Top)  Phase  locking  geometry,  (middle) 
Spectra  of  the  two  a’-'-ays  prior  to  locking  and 
during  locking,  (bottom)  far  field  of  "slave"  array 
before  and  after  "phase  locking".  (From  ref.  4) 


single  longitudinal  lasers  became  multimode  (other 
longitudinal  modes  began  to  lase)  .  Often  just  two 
modes  were  observed.  Under  a  variety  of  different 
path  length  conditions,  we  tried  interfering  the  two 
laser  outputs  and  did  not  find  stable  fringes  (nor 
unstable  ones  as  mentioned  by  Feinberg  due  to  the 
possibility  of  an  approximate  1  Hz  frequency  differ¬ 
ence  between  the  two  lasers).  These  negative 
results  caused  us  to  review  the  literature  on 
conventional  phase  locking  of  diode  lasers. 


IV.  External  cavities,  injection  locking,  and  mutual 
coupling  of  diode  lasers  using  conventional 
optics 

External  Cavities  and  injection  locking  proper¬ 
ties  of  semiconductor  lasers  have  been  extensively 
studied  over  the  last  decade.  We  can't  possibly 
review  all  this  work  but  we  can  present  results 
which  define  conditions  that  must  be  met  for  phase 
locking  of  laser  diodes.  In  particular,  laser 
diodes  possess  unique  features  (contrary  to  most 
qas,  solid,  and  dye  lasers)  that  are  driven  by  the 
carrier  dependent  refractive  index.  This  is  known 
as  the  linewiath  enhancement  or  antiguicing  factor. 
As  pointed  out  by  Dente  et.  al.  and  Tkach  and 
Chraplyvy  ,  diode  lasers  are  very  sensitive  to  even 
small  amounts  of  feedback.  At  less  than  -80  db, 
some  line  broadening  can  occur.  Larger  amounts  of 
feedback  cause  the  power  spectrum  to  become  very- 
wide  and  chaotic.  A  small  change  in  the  photon 
density  in  the  semiconductor  laser  cavity  will 
perturb  the  carrier  recombination  rate,  the  carrier 
density,  the  effective  index  of  the  gain  medium,  and 
therefore,  the  properties  of  laser.  In  the 

model  presented  by  Dente  et.  al.  ,  which  correlates 
well  with  experiments,  reduction  of  the  antiguidir.g 
factor  reduces  the  feedback  sensitivity  and  the 
model  then  predicts  "normal"  laser  behavior. 

13  14 

Moeller  et.  al.  and  Petitbon  et .  al.  describe 

theoretically  and  verify  experimenta  1 1  y  the  injec¬ 
tion  locking  properties  of  diode  lasers.  In  these 
experiments,  one  laser,  the  master,  is  optically 
isolated  from  the  other,  the  slave.  The  master 
injects  a  signal  into  the  slave  to  phase  lock  it.  A 
portion  of  each  of  the  master  and  slave  outputs  were 
overlapped  and  the  fringe  visibility  (V)  measured  to 
give  a  quantative  description  of  the  lock  quality. 
This  lock  quality  was  measured  as  a  function  of  the 
frequency  difference  ({)  between  the  slave  (with  no 
injection)  anu  the  master  ioi  several  values  of 
injected  power  or  coupling  !c).  The  region  of  6  and 
c  space  in  which  locking  occurs  is  referred  to  as 
the  lock  band,  the  width  of  the  lock  band  at  con¬ 
stant  coupling  is  referred  to  as  46).  As  the 
injected  power  increased,  two  phenomena  were  promi¬ 
nent:  the  highest  visibility  occurred  at  larger 

detunings  between  the  free  running  lasers  (6),  and 
the  width  (or  spread  of  permissible  detunir.gs,  A6) 
became  wider.  Representative  values  at  weak  coupl¬ 
ing  were  {  =  0.2  GHz,  46  *  0.8  GHz,  V  =  0.6,  where 
at  strong  coupling  {  =  15  GHz,  46  =  5  GHz,  V  =  0.8. 
Such  a  plot  is  shown  in  figure  8.  At  all  but  the 
lowest  coupling  levels,  the  master  laser  must  be  at 
a  lower  frequency  than  the  slave  for  a  stable  lock. 
It  should  be  noted  that  the  actual  feedback  and 
coupling  levels  are  extremely  difficult  to  measure 
experimentally  since  the  level  is  predominately 
dependant  on  that  fraction  of  the  injected  energy 
which  couples  into  the  lasing  mode. 
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Fig.  8  Typical  locking  bandwidth  for  injection 
locking  of  diode  lasers,  the  shaded  region  is  where 
a  lock  occurs.  (After  ref.  14) 

The  aoove  predicts  a  difficult  scenario  for 
mutual  locking  of  lasers,  which  may  also  be  looked 
at  as  concurrent  injection  locking.  In  this  case, 
both  lasers  "see"  each  other.  At  perfect  coupling 
and  with  low  reflectance  coatings  on  the  front  diode 
facets,  the  geometry  may  act  as  one  long  cavity  but 
with  two  separate  gain  regions.  The  problem  in  this 
case  occurs  because  locking  will  more  than  likely 
only  occur  under  similar  conditions  (f ,  c)  described 
for  injection  locking.  If  laser  1  is  considered  the 
master,  its  frequency  should  be  several  GHz  lower 
tear,  laser  2  to  obtain  a  good  lock.  But  we  can  just 
as  easily  consider  laser  2  the  master,  and  if 
v  <  the  asymmetry  results  from  the  injection 

locking  experiments  show  a  poor  lock.  This  paradox 
requires  operatinq  in  the  lockinq  band  space  where  <5 
car.  be  both  neqative  and  positive  simultaneously  so 
either  laser  can  be  considered  the  master  or  slave. 
Thi|  only  occurs  for  weak  coupling  (on  the  order  of 
10  )  and  where  A6  >  6  and  A  s  0. 

Other  requirements  are  necessary  in  the  mutual 
coupling  case.  If  laser  1  is  to  make  laser  2 
coherent  with  itself,  the  photons  striking  laser  2's 
facet  should  be  coherent  with  those  currently  being 
emitted  by  laser  1  (and  visa  versa)  .  Therefore,  the 
two  lasers  should  be  no  more  than  the  longer  of  the 
two  coherence  lengths  of  the  lasers  apart.  Further, 
the  photons  returning  to  laser  1  also  need  to  be  in 
p>hase  with  those  being  emitted  by  laser  1,  so  the 
two  lasers  also  need  be  an  integer  multiple  of 

k/2  apart.  Moeller  has  measured  the  locking 
bandwidth  of  two  diodes  that  were  mutually  coupled 
using  conventional  optics.  The  coupling  was  found 
to  be  very  critical.  The  lock  quality  increases  at 
first  then  decreases  as  the  coupling  is  increased. 
Moeller's  results  generally  agree  with  the  above 
discussion.  With  these  points  in  mind,  furthei 
photorefractive  coupling  experiments  were 
undertaken . 

VI.  Photorefractive  Coupling  of  Laser  Diodes. 

A  schematic  of  our  setup  is  shown  in  figure  9. 
Sharp  LT015  GaAlAs  lasers  were  chosen  since  they 
were  single  longitudinal  and  single  transverse  mode, 
high  power  (30  mW) ,  and  had  the  front  facet  antire¬ 
flection  coated.  These  lasers  are  ’ndex  guided  and 
nave  a  V-channel  substrate  inner  stripe  structure. 
The  measured  coherence  length  was  near  1/3  meter 


Fig.  9  Schematic  of  photorefractive  coupling  layout. 


(0.9  GHz) .  Both  lasers  were  operated  near  60  mA 
(1.2  x  threshold).  Thp  lasers  were  mounted  on 
thermoelectric  coolers  which  were  mounted  on  water 
cooled  brass  blocks.  Following  the  conclusions  of 
the  last  section,  each  laser  was  each  placed  about 
12  cm  from  the  crystal,  the  total  separation  was 
about  24  cm,  significantly  less  than  the  coherence 
length.  The  apertures  in  figure  9  were  used  to 
control  the  coupling  strength.  The  path  length  from 
each  laser  to  where  the  two  output  beams  were  inter¬ 
fered  was  made  the  same  by  adjusting  the  corner  cube 
in  the  one  arm.  The  interference  fringes  were  mag¬ 
nified  and  projected  onto  a  CID  video  camera.  The 
Fabry-Perot  was  not  used  during  this  experiment. 
Note  that  this  geometry  is  slightly  different  from 
that  in  figure  6  in  that  laser  2  is  on  the  far  side 
of  the  crystal  from  laser  1.  This  should,  as 
explained  before,  make  no  difference.  Laser  1 
presumably  produces  the  pump  beams  via  the  phase 
conjugate  ring  and  laser  2  provides  the  signal  in  a 
four  wave  mixing  geometry.  The  angle  between  the 
signal  and  pump  beams  is  not  critical.  This  loca¬ 
tion  is  better  since  the  fanned  light  from  laser  1 
into  laser  2  is  stronger  for  initial  injection 
locking  of  laser  2. 

The  procedure  was  as  follows:  after  initial 
alignment  and  assurance  of  a  phase  conjugate  return 
to  laser  1  from  the  ring,  laser  1  was  blocked  from 
the  crystal.  This  allowed  laser  2  to  erase  the 
gratings  formed.  The  temperature  and  current  of  both 
lasers  were  tuned  such  that  both  were  single  mode 
and  of  the  same  frequency  within  0.04  nm  or  1.8  GHz, 
the  resolution  of  the  monochromator.  Laser  1  was 
then  unblocked  from  the  crystal.  Fringes  were  soon 
(<  2  seconds)  seen  on  a  TV  monitor  connected  to  the 
video  camera.  Slight  current  tuning  (<  1  mA)  of 
either  laser  maximized  the  fringe  visibility.  How¬ 
ever,  after  about  one  minute  the  fringe  visibility 
went  to  zero  and  no  amount  of  tuning  of  either  laser 
recovered  the  fringes.  It  was  found  that  blocking 
the  ring  mirrors  and  repeating  the  procedure  yielded 
fringes  that  did  not  lose  visibility  after  5  min¬ 
utes.  Thus,  the  lasers  were  definitely  coherent  or 
phase  locked.  Figure  10  shows  the  spectra  of  laser 
1  (top),  laser  2  (middle)  and  the  image  of  the  over¬ 
lapped  beams  while  the  crystal  was  blocked  from 
laser  1  (no  coupling).  Figure  11  shows  the  same 
when  the  crystal  was  unblocked  from  laser  1;  the 
fringe  visibility  was  about  0.4.  The  break  up  of 
the  laser  spectra  vertically  (parallel  to  the 
monochromator  slits)  is  because  the  light  from  each 
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Fig.  10  Spectra  of  laser  1  (top),  laser  2  (middle), 
and  overlapped  beams,  no  coupling  case. 
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Fig.  11  Spectra  of  laser  1  (top) ,  laser  2  (middle) , 
and  overlapped  beams,  photore f r ac t i ve  coupling 
allowed . 

laser  was  brought  to  the  monochromator  via  a  fiber 
bundle;  the  bright  spots  are  individual  fiber  ends 
imaged  onto  the  entrance  slit.  Initially  the 
crystal  was  cooled  t^o  11°  c  as  recommended  by 
C ronin-Golomb  et.  al.  ,  it  was  later  found  that 
cooling  the  crystal  was  unnecessary. 

VII.  Discussion 

The  above  results  are  puzzling  in  two  aspects: 
a)  how  do  the  two  beams  couple  in  the  experiment 
without  the  ring,  and  b)  in  the  first  experiment, 
why  did  the  visibility  decrease  to  zero  after  one 
minute? 

The  coupling  of  two  beams  is  depicted  in  figure 
12.  Both  beams  enter  the  crystal  and  fan  toward  the 
C  axis.  The  fan  is  almost  continuous.  Each  fan  ray 
is  related  to  a  set  of  gratings  due  to  interference 
between  the  scattered  light  and  the  original  beam 
(see  figure  4  and  the  discussion  in  section  II). 
Each  beam  creates  several  sets  of  these  gratings. 
There  is  only  one  pair,  one  from  each  beam,  that  has 
the  same  direction  and  spacing.  This  pair  satisfies 
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Fig.  12.  Coupling  of  just  two  input  beams,  the 
crystal  edges  are  beyond  the  edges  of  the  figure. 

the  relation. 


These  two  gratings  reinforce  each  other  and  direct 
most  of  the  beams'  energy  into  their  direction, 
causing  them  to  build  up  and  to  deplete  the  other 
gratings.  If  k^  and  k^  are  nominally  of  the  same 
wavelength  the  beams  are  directed  toward  each  other 
‘^.y  this  grating.  The  beams  do  not  have  to  be 
coherent  for  this  phenomena  to  occur.  In  fact,  if 
they  are,  two  beam  coupling  may  predominate.  An 
advantage  of  this  technique  for  laser  coupling  is 
the  simplicity  of  alignment,  the  two  output  beams 
from  the  lasers  just  have  to  overlap  within  the 
crystal.  This  reduces  the  alignment  constraints 
over  conventional  optical  coupling  by  at  least  one 
dimension. 

Note  that  the  grating  with  its  k  vector  in  the 
same  plane  as  k  and  k^  is  not  the  only  one  to 
satisfy  eq.  1.  Since  there  is  scattering  of  each 
beam  out  of  this  plane,  there  is  also  some  fanning 
out  of  this  plane.  This  allows  k^  (and  k^)  to  be  a 
locus  of  rays  that  trace  an  ellipse.  The  ellipse  is 
almost  continuous  going  from  antiparallel  to  k^  (k^) 
to  the  transmitted  portion  of  ^  (k)  as  its 

vertices  (see^lj.  Statman  and  B.  Liby(16)  or  G.  Jg 
Salmo  et.  al.  ).  s.  Sternklar  and  B.  Fischer 
state  that  slight  focusing  or  spatial  filtering  the 
input  beams  prevents  this  out  of  plane  diffraction. 

It  should  also  be  noted  that  our  final  geometry 
is  the  same  as  that  shown  in  figure  7  with  one  small 
exception,  ref.  4  states  the  C  axis  is  in  the  same 
direction  as  Z.  Our  experience  and  the  above  theory 
requires  that  the  C  axis  lie  between  both  input 
beams  such  that  both  beams  can  fan  into  each  other. 
This  arrangement  has  become  known  as  the  Double 
Phase  Conjugate  Mirror  (DPCM) .  As  presented,  it  is 
not  a  true  four  wave  mixing  interaction.  At  first 
glance,  one  might  think  the  interaction  regions  in 
the  mutually  incoherent  beam  combiner  and  the  bird¬ 
wing  conjugator  ^e  the  same  type  of  coupling, 
however,  Yeh  et.  al.  point  out  that  in  these  geom¬ 
etries  the  coupling  regions  may  be  true  four  wave 
mixing  interactions .  On  a  final  note,  Sternklar  and 
Fischer  demonstrate  that  this  geometry  phase  con¬ 
jugates  the  wavefront  of  each  input  beam  with  no 
cross  talk  but  with  the  other  beam's  photons. 
Therefore,  the  beam  injected  into  each  laser  should 
match  that  laser's  mode.  This  may  be  the  techni¬ 
que's  biggest  advantage  over  conventional  coupling. 


475 


VIII.  Conclusions 


The  other  question  posed  at  the  beginning  of  this 
section  was,  "Why  did  the  fringe  visibility  drop 
after  one  minute  with  the  ring  in  place?”  Figure  13 
shows  the  spectra  of  laser  1  (laser  2  off)  as  the 
phase  conjugate  beam  builds  in  intensity.  Each 
trace  is  taken  in  1/30  second  and  the  vertical  off¬ 
set  of  each  trace  represents  time  (15  seconds  per 
trace).  The  feedback  causes  the  spectra  to  wiuen 
cons iderab  ly  .  In  the  geometry  with  the  ring,  the 
DPCM  builds  vt  ry  quickly  (<  2  seconds)  and  the 
lasers  phase  lock.  After  a  minute,  the  self-pumped 
ring  phase  conjugator  builds  to  a  point  where  the 
spectra  becomes  wide  enough  that  the  coherence 
length  of  the  lasers  becomes  shorter  than  their 
separation  and  the  phase  lock  is  lost.  Due  to  the 
DPCM  st.  ill  providing  strong  coupling  oetween  the 
lasers,  they  still  emit  the  same  spectrum  or  fre¬ 
quency.  However,  they  are  not  phase  locked.  Closer 
examination  of  figure  6  shows  that  due  to  the  two 
mirrors,  laser  1  is  essentially  pumping  the  crystal 
from  the  lower  right,  and  this  geometry  therefore 
still  contains  a  DPCM.  This  explains  the  observed 
coupling  reported  in  ref.  3. 
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Fig.  13.  Spectra  of  a  diode  laser  with  increasing 
phase  conjugate  feedback.  The  lowest  (no  feedback) 
spectra's  width  is  probably  due  to  instrument 
resolution . 

The  main  advantages  of  photoref ract ive  coupling 
are:  a)  injecting  a  matched  mode  into  each  laser; 
and  b)  reducing  the  alignment  constraints  over 
conventional  coupling.  Two  other  advantages  not 
quite  as  apparent  are:  a)  since  the  coupling 
depends  on  the  fringe  visibility  in  the  crystal, 
which  in  f;  depends  on  the  laser  linewidth,  this 
may  prov;d  feedback  to  optimize,  or  at  least 
stabiliz  ■  critical  coupling  level?  and  b)  e 
grating  ion  may  spatially  adjust  itself  to 
fulfill  the  m  V  2  requirement  for  the  separation  of 
the  lasers.  "  *re  presently  measuring  the  locking 
bandwidth  (V  6  and  c}  using  this  technique  to 
compare  ..t  with  conventional  coupling. 


We  have  demonstrated  coherent  operation  of  two 
semiconductor  lasers  using  photoref ract ive  coupling. 
The  lock  was  stable  for  over  five  minutes.  Cooling 
the  crystal  was  unnecessary.  We  believe  we  are  the 
first  to  accomplish  this.  At  the  same  time,  we  came 
to  the  conclusion  that  at  the  weak  coupling  levels 
required,  the  lasers  need  to  be  closer  than  their 
coherence  length.  We  also  conclude  that  for  mut¬ 
ually  coupling  diode  lasers,  the  locking  band  is 
very  small. 

Starting  with  lasers  that,  when  free  running,  are 
much  more  than  several  linewidths  apart,  frequency 
pulling  requires  fairly  strong  injection  to  bring 
their  frequencies  together.  This  strong  injection 
causes  strong  linewidth  broadening  which  reduces  the 
coherence  length;  and  hence  destroys  the  lock. 
Lasers  integrated  on  the  same  chip  should  not  have 
this  problem. 

Finally,  it  should  be  remembered  that  although 
two  sources  may  have  the  same  nominal  wavelength, 
they  are  not  necessarily  coherent  or  phase  locked, 
which  is  a  necessary  condition  for  beam  combining  to 
obtain  maximum  brightness. 
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Fiber  Lasers:  Past,  Present  and  Future 
Elias  Snitzer 

Polaroid  Corporation,  38  Henry  Street,  Cambridge,  MA  02139 


Abstract. 

With  the  development  of  low  loss  fibers  and  the  availability  of  laser  pump  sources,  there  has  been  a  renewed  interest  in  rare 
earth  doped  glasses  in  fiber  form  which  can  be  operated  CW.  Of  particular  interest  have  been  neodymium  emitting  at  1.06nm 
and  l.33^m  and  erbium  at  1.55Mm.  The  latter  two  are  in  the  wavelength  windows  that  are  currently  used  in  fiber  optics  for 
telecommunications.  The  interest  in  neodymium  emitting  at  1,06^m  is  for  the  same  motivation  as  large  neodymium  glass  systems, 
mainly  for  its  efficient  conversion  of  pump  to  laser  light  output.  After  a  review  of  the  early  work  on  fiber  lasers,  the  current  activity 
with  various  rare  earth  fibers  will  be  described.  The  laser  devices  to  be  described  are  CW  oscillators,  amplifiers,  mode  locked 
outputs,  and  second  harmonic  generators. 


Introduction 

Continuous  wave  rare  earth  fiber  lasers  in  low  loss  glass  are  the  most  recent  development  in  glass  lasers.  In  this  paper  a 
brief  history  is  presented  of  the  different  "eras"  of  glass  laser  development.  This  is  followed  by  a  description  of  the  early  work  on 
pulsed  fiber  lasers.  Finally  the  results  of  selected  experiments  performed  at  Polaroid  are  presented. 

The  work  on  glass  lasers  is  primarily  work  on  neodymium  lasers  emitting  at  I.C^m.  While  neodymium  has  been  made  to 
emit  at  0.9  and  1.4^m  and  laser  emission  from  other  rare  earths  has  been  obtained,  such  as  from  ytterbium,  holmium,  erbium, 
praseodymium,  samarium,  and  thulium,  the  high  efficiency  and  ease  of  operation  of  neodymium  at  1.06^m  has  made  this  glass 
laser  continue  to  be  the  one  of  greatest  interest.  Erbium  emitting  at  1 .54^m  has  received  attention  as  an  eye  safe  laser  for  range 
finding  applications.  More  recently  both  erbium  at  1 .55/xm  and  neodymium  at  1 .33^m  have  received  attention  because  of  their 
potential  use  as  optical  amplifiers  in  a  communication  system. 

History 

The  earliest  phase  of  rare  earth  glass  lasers  started  with  neodymium  emission  at  1.06pm.1  2  in  the  early  60's  the  focus  of  at¬ 
tention  was  on  scoping  out  the  possible  laser  systems.  Lasers  were  a  new  technology  which  received  a  great  deal  of  attention 
from  the  scientific  community,  in  part  because  of  generous  government  funding.  This  work  established  the  various  lasing  ions 
and  their  characteristic  wavelengths  of  emission.  Configurations  and  host  compositions  were  explored  that  showed  better  thermal 
behavior,  that  is  materials  and  configurations  that  showed  minimal  wave  front  distortion  under  high  pumping  conditions.  There 
was  also  attention  given  to  self  Q-switching  glasses  which  resulted  from  transient  color  centers  that  showed  saturable  absorption, 
•n  the  first  two  references  below  the  first  one  emphasizes  the  materials  characteristics  of  glass  lasers  and  the  other  emphasizes 
the  device  aspects. 

The  second  phase  of  glass  laser  work  was  a  device  emphasis  that  resulted  from  the  recognition  that  one  could  readily  make 
high  power  pulsed  lasers  in  the  long  pulse  mode  ( -  Ims),  Q-switched,  with  or  without  mode  locking,  or  in  oscillator-amplifier  com¬ 
binations.  For  glass  lasers  the  applications  that  emerged  were  in  the  three  catagories  of 

1.  range  finders, 

2.  materials  processing,  such  as  welding  and  cutting, 

3.  high  temperature  plasma  formation. 

In  the  first  two  categories  the  different  specifications  required  for  different  applications  led  to  trade  off  choices  between 
neodymium  in  glass  vs.  neodymium  in  YAG.  In  those  situations  in  which  low  threshold  and  CW  or  high  repetition  rate  applica¬ 
tions  were  important,  YAG  with  its  considerably  larger  gain  cross  section  per  ion  and  better  thermal  conductivity  often  ended  up 
being  the  preferred  host.  However,  where  larger  pulse  production  was  called  for,  where  cost  was  an  issue,  or  where  mode  lock¬ 
ing  could  take  advantage  of  the  broader  fluorescent  light,  the  vitreous  host  was  preferred.  There  were  some  areas  where  the 
choice  was  made  based  more  on  taste.  For  example,  small  Q-switch  range  finders  for  use  in  field  military  applications  tended  in 
the  US  to  be  YAG  devices.  Whereas  in  Western  Europe  the  preference  was  for  glass  lasers  in  which  the  gain  cross  section  per 
ion  was  made  larger  by  the  selection  of  special  hosts,  such  as  Al-Li-Mg  silicates  or  phosphates.  In  materials  working  applications, 
the  activity  was  divided  between  glass  and  YAG  with  more  of  it  directed  towards  YAG  in  the  US,  but  the  converse  was  the  case 
in  Europe,  including  the  Soviet  Union. 

The  growing  use  of  laser  range  finders  and  the  concern  for  laser  eye  safety  resulted  in  a  search  for  eye  safe  laser  range 
finders.3  This  lead  to  an  erbium  laser  emitting  at  1 .54(xm  which  could  be  readily  Q-switched.4  It  was  eye  safe  because  of  the 
water  absorption  in  the  eye  preventing  focusing  of  the  energy  on  to  the  retina. 

In  the  late  60’s,  range  finders  and  materials  working  became  established  commercial  activities,  and  the  focus  of  research  at¬ 
tention  shifted  to  the  generation  of  high  temperature  plasmas,  particularly  for  controlled  thermonuclear  reactions  (CTR).  Although 
also  promoted  in  Europe,  soon  Lawrence  Livermore  Labs  was  a  dominant  player  in  this  activity,  not  only  by  the  large  amounts  of 
money  spent  for  glass  laser  development  and  procurement,  but  also  by  the  technical  leadership  on  rare  earths  in  glass,  device 
analysis  and  experimental  work. 5.6  There  was  also  a  considerable  activity  in  the  Soviet  Union  on  glass  lasers  for  materials  pro¬ 
cessing  and  in  particular  large  oscillator  amplifier  combinations  for  CTR7 

The  overwhelming  materials  concern  for  CTR  was  for  a  low  non-linear  index  of  refraction  so  as  to  get  the  highest  possible 
light  intensity  without  self-focusing  and  its  consequent  glass  damage.  This  calls  for  low  values  of  n2  in  the  equation  n  =  no  +  n2 
E2,  where  no  is  the  index  of  refraction  for  low  intensity  light  and  E  is  the  electric  field  for  the  light  wave.  A  second  consideration 
for  CTR  applications  related  to  high  gain  cross  section  glass.  It  is  determined  by  the  oscillator  strength  for  the  transition,  which 
implies  short  life  time  for  fluorescence,  and  narrow  line  width  at  1.06/xm.  Although  fluoride  glasses  looked  promising,  the  difficulty 
in  their  fabrication  in  large  sizes  precluded  a  serious  pursuit  of  these  hosts.  Of  the  oxides,  alkali  phosphates  became  the  prefer¬ 
red  host.  Where  the  original  potassium  barium  silicate  had  a  gain  cross  section  for  neodymium  at  1.06^m  of  1.5  x  10-20  cm2,  a 
typical  new  phosphate  host  gives  a  cross  section  of  4  x  10-20  cm2. 

The  next  major  development  was  the  CW  fiber  laser,  of  which  this  report  is  an  update.  Fiber  lasers  had  been  investigated 
earlier,  and  more  of  these  early  experiments  will  be  discussed  presently.  The  initiation  of  this  phase  of  glass  laser  work  resulted 
from  the  recognition  that  with  laser  diodes  to  provide  high  brightness  pumps  at  O.fym,  where  neodymium  is  strongly  absorbing, 
and  with  the  development  of  low  loss  glass  fibers  of  predominately  fused  silica  as  the  host,  in  small  diameters  there  is  not  a 


serious  problem  with  heat  loading  and  CW  operation  is  readily  obtained .®  The  era  of  the  end  pumped  CW  fiber  laser  was  initiated 
by  Stone  &  Barrus  in  1973  and  activities  have  since  been  undertaken  in  a  number  of  laboratories,  such  as  University  of 
Southampton,  British  Telecom,  Bell  Labs,  Stanford  U.,  NTT,  GTE  and  of  course  Polaroid.  Of  particular  note  is  the  extensive  work 
at  U.  Southampton. 9 

Before  describing  in  detail  some  of  the  results  obtained  with  the  CW  fiber  lasers,  some  of  the  general  characteristics  of  these 
devices  that  distinguishes  them  from  other  lasers  are  noted.  The  most  obvious  feature  that  has  already  been  alluded  to  is  the 
ability  to  make  a  CW  device.  Another  interesting  characteristic  is  the  ability  to  pump  these  devices  well  above  threshold.  For  ex¬ 
ample,  with  reflectors  that  are  98%  on  a  single  mode  fiber  we  have  obtained  thresholds  for  laser  action  as  low  as  75/jW.  Yet  the 
laser  is  capable  of  being  operated  with  a  pump  of  several  hundred  mW  without  saturation  or  degradation  due  to  thermal  effects. 
Another  distinction  of  these  lasers  is  that  the  host  is  a  low  loss  glass,  which  leads  to  the  situation  that  if  microbends  are  avoided 
the  losses  are  not  dependent  on  absorption  or  scattering  along  the  length  of  the  fiber,  but  instead  depend  on  the  end  reflectors. 
Both  the  values  of  their  reflectivities  and  the  perpendicularity  of  the  end  surface  relative  to  the  axis  of  the  fiber  are  important. 

Early  Fiber  Laser  Work 

The  early  fiber  laser  work  utilized  a  flash  lamp.  The  first  reported  activity  demonstrated  single  mode  operation  in  fibers  that 
were  small  enough  to  exhibit  one  or  a  few  modes  of  operation  in  the  device.  Later  there  developed  some  specific  interest  in 
device  applications  for  fibers.  It  is  interesting  that  one  of  the  applications  was  to  use  the  fiber  laser  as  a  power  amplifier.  The 
idea  was  to  start  with  a  suitable  coherent  light  source  such  as  for  example  the  HeNe  laser  emitting  at  1.0621pm.  A  neodymium 
fiber  could  be  used  to  amplify  this  light  and  still  preserve  the  coherence  inherent  to  the  HeNe  laser.  The  experiment  that  was 
done  used  a  single  mode  fiber  with  a  IS^m  diameter  core  and  gave  40dB  of  gain  to  increase  the  HeNe  output  of  230fiW  up  to 
0.6W.11  The  output  from  the  amplifier  was  demonstrated  to  have  a  coherence  length  in  excess  of  12.2  meters  with  a  Michelson 
interferometer.  In  a  second  experiment,  a  lnAso.17Po.83  laser  diode  operating  at  1.063f<m  had  4pW  of  its  output  focused  into  the 
same  fiber  amplifier  for  47dB  of  gain  to  produce  0.2W  of  output.12 

In  another  early  experiment,  the  fiber  laser  was  used  as  the  preamplifier  in  a  detection  system.  In  such  a  device,  the  signal  S 
is  amplified  by  a  gain  G.  In  addition,  the  spontaneous  emission  due  to  the  inversion  associated  with  the  laser  constitutes  an  input 
noise  N  which  experiences  a  net  gain  of  G— 1.  The  output  is  given  by  S  G  +  N(G— 1).  It  can  be  shown  that  the  spontaneous 
emission  noise  N,  when  expressed  as  photons  emitted  per  second,  is  given  by  the  product  of  the  optical  bandwidth  (Ax) 
multiplied  by  the  number  of  propagating  modes.13  For  low  noise,  the  cross  section  can  be  reduced  to  single  mode  propagation. 

In  addition  to  limiting  propagation  to  a  single  mode,  narrowing  the  optical  bandwidth  would  further  reduce  the  noise.  An  alter¬ 
native  strategy  would  be  to  use  a  post  electronic  detector  which  can  discriminate  against  the  DC  spontaneous  emission.  Under 
the  latter  conditions,  the  noise  is  the  fluctuations  in  the  number  of  photons  arriving  in  a  given  time  period.  The  basic  strategy  of 
the  use  of  a  fiber  laser  preamplifier  is  to  amplify  the  signal  to  the  point  where  the  noise  of  the  input  impedance  in  the  post- 
electronic  detector  is  not  limiting,  but  instead  the  limitation  is  associated  with  the  spontaneous  emission  noise.  This  in  principal 
would  allow  one  to  detect  only  a  few  10's  of  photons  in  a  pulse  with  bit  error  rates  of  10-9  or  less.  In  1969,  such  a  detector  was 
used  to  detect  a  Q-switch  neodymium  glass  laser  pulse  with  a  line  width  of  lOnm  with  a  detectivity  of  4  x  103  photons  in  the 
pulse.  A  value  which  is  not  very  exciting  today  but  in  ‘69  was  an  achievement. 

Current  Fiber  Laser  Work 

Although  a  number  of  glass  lasers  had  been  made  to  operate,  the  emphasis  has  been  on  neodymium  at  1.06/*m  and  1  33pm 
and  erbium  at  1.55Mm.  One  of  the  wavelength  bands  for  communications  is  in  the  region  of  1.3^m.  While  neodymium  has  a 
fluorescence  in  this  region  for  the  4F3/2-4li3/2  transition  with  its  peak  at  1.33^m,  the  typical  behavior  in  an  MCVD  prepared 
aluminosilicate  host  is  laser  emission  at  the  longer  wavelength  of  1.4/»m.  This  results  because  in  the  4F3/2  state  there  is  not  only 
the  downward  transition  to  give  gain  but  there  is  also  the  4G7/2  state  at  a  higher  energy  value  which  provides  more  absorption 
than  gain  at  1 ,33pm.  The  reverse  is  the  case  at  1 .40ftm,  because  the  excited  state  absorption  is  at  the  edge  of  the  gain  transi¬ 
tion.  There  has  been  a  recent  interest  in  the  heavy  metal  fluoride  glasses  as  the  host  because  the  absorption  lines  are  narrower 
and  shift  slightly  such  as  to  permit  gain  at  1.33/im.14 

Figure  1  shows  the  energy  level  diagram  for  the  first  three  pump  absorption  bands  and  the  transitions  responsible  for  the 
observed  laser  emisssion  of  Nd  in  silicate  glasses.  Figure  2  gives  the  corresponding  absorption  specturm.  The  concentration  of 
1.1  x  1020  Nd  ion/cc  corresponds  to  approximately  1.5  wt  %  Nd^.  The  limit  of  solubility  for  Nd  is  Si02  alone  is  very  low  (of  the 
order  of  a  few  hundred  ppm).  While  low  loss  fibers  can  be  made  with  this  low  concentration  and  still  absorb  essentially  all  of  the 
pump  light  in  end  pumping,  the  advantage  of  the  higher  concentration  is  that  it  shortens  the  length  of  the  device  and  also  makes 
possible  a  substantial  simplification  in  the  pump  by  permitting  the  use  of  double  clad,  offset  core  configurations,  which  will  be 
discussed  later.  It  is  customary  to  add  small  amounts  of  other  constituents,  such  as  Ge02,  P2O5,  or  Al203,  which  affect  the  index 
of  refraction  of  the  core  and  the  thermal  properties  of  the  glass. 

The  fluorescent  spectra  for  the  aluminosilicate  glass  described  is  dependent  on  the  pump  wavelength.  This  is  shown  in  Fig. 

3.  Other  compositions  have  been  made  which  exclude  aluminum  but  have  small  concentrations  of  phosphorous  which  do  not 
have  a  wavelength  dependent  pump  characteristic.  This  points  to  a  single  site  for  Nd  in  a  Si-P  host  but  to  multiple  sites  in  Si-AI 
hosts. 

Most  of  the  work  done  in  this  laboratory  has  pumped  with  laser  diodes  operating  in  the  region  of  O.Sjjm  or  the  krypton  ion 
laser  emitting  at  0.752  and  0.799nm.  The  core-cladding  numerical  aperture  (NA),  is  defined  by  (ng-ng)1'2,  where  ni  and  n2  are  the 
indices  of  refraction  for  core  and  cladding.  Typical  NA’s  were  from  0.1  to  0.15.  The  cladding  diameter  could  be  of  the  order  of 
100pm  up  to  3mm.  The  large  diameter  cladding  had  a  number  of  attractive  features.  The  rod  diameter  was  large  enough  so  that 
it  was  not  necessary  to  put  a  polymer  buffer  coating  on  the  outside  of  the  rod  to  avoid  breakage.  This  made  it  possible  to  place 
the  rods  in  a  vacuum  chamber  for  deposition  of  dichroic  reflectors  on  the  ends  of  the  rods  without  concern  for  out  gasing  from 
the  buffer  coating.  Also,  with  such  a  large  area  it  was  possible  to  grind  and  polish  flats  that  were  within  5  minutes  of  perpen¬ 
dicularity  to  the  fiber  axis.  Lasers  of  this  construction  were  operated  with  lengths  between  5mm  and  30cm.  When  pumped  directly 
into  the  core,  dichroic  reflectors  were  used  on  the  end  of  the  rod.  In  Table  1  are  given  the  values  for  the  reflectivity  used  for  laser 
emission  in  the  three  neodymium  bands  and  the  threshold  values  for  laser  action.  In  Fig.  4  are  given  the  laser  spectra  at  1.06^m 
for  three  different  values  of  the  pump  relative  to  threshold  pump  power  Pth-  Slopes  above  threshold  for  laser  emission  vs.  absorb¬ 
ed  pump  power  higher  than  60%  have  been  observed. 

An  important  parameter  is  the  value  of  gain  in  a  single  mode  fiber  per  absorbed  pump  power.  The  gain  is  related  to  the 
parameters  of  the  fiber  and  neodymium  properties  by:  Gain  (dB)  =  4.3  P  (A  h  x)-1  („  T)  f,  where  A  is  the  area  of  the  core,  h  x  the 
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energy  of  the  pump  photon,  a  is  the  gain  cross  section  for  neodymium  in  glass  (about  2  x  10-20  cm2),  t  the  fluorescent  lifetime  of 
neodymium  (approximately  0.4  ms)  and  F  is  a  factor  that  takes  account  of  the  field  distributions  for  both  the  pump  and  laser 
emissions. '5  gy  pumping  through  a  fiber  of  the  same  NA  and  diameter  as  the  neodymium  fiber,  the  measured  value  was 
0.47dB/mW  for  a  fiber  with  an  NA  of  0.15  and  core  diameter  of  4fim. 

Figure  5  shows  a  configuration  in  which  a  frequency  selective  element  in  the  form  of  a  thick  film  hologram  grating  is  incor¬ 
porated  in  the  cavity  to  give  stable  laser  emission  at  1,083.41  ±  0.01  nm  for  possible  use  in  a  magnetometer  based  on  optical 
pumping  of  helium. 

By  use  of  an  acousto-optic  modulator  within  a  cavity  with  end  reflectors  150cm  apart,  for  a  single  mode  laser  fiber  length  of 
5cm  and  a  lens  used  to  collimate  the  divergent  beam  from  the  end  of  the  rod,  mode  locked  emission  was  obtained,  whose 
characteristics  are  shown  in  Fig  6.  The  pulses  are  0.1ns  in  duration,  which  is  an  order  of  magnitude  shorter  than  previously 
reported  mode  locked  fibers.  10  The  shortening  of  the  pulse  width  is  due  in  part  to  less  dispersion  in  the  shorter  fiber,  which  in 
turn  is  made  possible  by  the  higher  concentration  of  Nd. 

A  major  problem  in  the  use  of  fiber  lasers  is  end  pumping.  If  the  fiber  is  single  mode,  this  requires  a  single  mode  pump 
source.  Since  there  is  always  some  loss  in  power  conversion  from  pump  to  laser,  the  brightness  of  the  laser  output  is  less  than 
the  pump.  To  solve  this  problem,  fibers  were  made  which  consisted  of  the  neodymium  containing  core  surrounded  by  a  first  clad¬ 
ding  of  lower  refractive  index,  which  in  turn  was  surrounded  by  a  second  cladding  of  still  lower  index.17  Pump  light  is  focused  on¬ 
to  the  first  cladding.  The  index  of  refraction  scans  on  a  preform  from  which  this  fiber  was  made  are  shown  in  Fig.  7.  The  area  of 
the  first  cladding  is  one  hundred  times  that  of  the  core.  The  neodymium  containing  core  of  high  index  of  refraction  is  offset  from 
the  center  of  the  first  cladding.  If  this  was  not  done,  the  skew  rays,  which  constitute  the  bulk  of  the  light  incident  of  the  first  clad¬ 
ding,  would  miss  the  core.  From  measurements  on  the  preform  it  can  be  established  how  absorbing  the  core  is.  The  best  absorp¬ 
tion  of  pump  light  would  correspond  to  a  uniform  dispersion  of  the  same  amount  of  neodymium  through  the  first  cladding.  As 
compared  with  this  theoretical  best  value  it  was  found  that  with  the  core  in  the  center  of  the  first  cladding  the  absorption  per  unit 
length  of  pump  light  is  reduced  to  less  than  5%  of  theoretical  best  value.  By  offsetting  the  core  as  shown  in  Fig.  7,  the  absorp¬ 
tion  increased  to  27%.  This  points  up  the  very  significant  advantage  of  high  concentration  of  neodymium  'f  only  a  few  hundred 
parts  per  million  concentrations  are  used,  the  fiber  lengths  for  10dB  of  pump  power  absorption  would  be  many  hundreds  of 
meters.  In  comparison,  with  the  higher  concentration  in  the  Al-Si  glass,  8  meters  of  fiber  were  adequate  to  give  a  threshold  of 
7mW  and  an  output  of  49mW  fo.  l20mW  of  absorbed  pump  power  for  an  overall  efficiency  of  41%. 

A  number  of  experiments  were  performed  on  erbium  fibers  to  give  laser  amplification  or  oscillation  in  the  region  of  1.55^m.10 
Figure  8  gives  the  absorption  and  fluorescent  spectra  for  3  x  1019  erbium  ions  per  cc  in  AI2O3  doped  SiC>2  glass.  By  pumping  in 
the  region  of  1.47-1 .51/»m  inversion  could  be  obtained  in  this  3  level  system.  The  data  obtained  for  various  pump  bands  is  shown 
in  Fig.  9.  A  color  center  laser  was  used  to  generate  the  pump  power  and  its  output  was  focused  onto  the  fiber  core.  The  spread 
in  the  pump  data  is  an  indication  of  the  experimental  error  associated  with  this  end  pumping  experiment.  The  ability  to  pump  at  a 
wavelength  so  close  to  the  laser  emission  at  1 .55#im  is  due  to  the  broadening  of  the  upper  and  lower  manifolds.  In  another  set  of 
experiments  an  MCVD  fabricated  fiber  with  1.5  x  1019  Er  ions/cc  and  9.5  x  1020  Yb  ions/cc  gave  laser  action  in  erbium  at  1.55^m 
by  first  pumping  the  ytterbium,  which  subsequently  transfers  its  energy  to  erbium. 

A  very  interesting  observation  has  been  made  in  second  harmonic  generation  in  fibers  in  which  there  has  been  “optical 
damage”.19  In  order  to  produce  second  harmonic  generation,  it  is  necessary  that  the  material  lack  a  center  of  symmetry  both 
microscopically  and  macroscopically.  In  addition,  it  is  necessary  to  phase  match  the  fundamental  and  second  harmonic 
wavelengths.  For  large  single  crystals  the  latter  implies  that  the  indices  of  refraction  at  the  two  wavelengths  be  the  same.  This 
can  be  obtained  in  some  non-cubic  crystals  by  matching  the  extraordinary  ray  at  one  wavelength  to  the  ordinary  wave  at  the 
other  wavelength.  Glass  lacks  a  center  of  symmetry  microscopically  but  the  random  matter  of  glass  makes  it  a  centro-symmetric 
material  on  a  macroscopic  scale.  The  experiments  were  conducted  with  fibers  whose  cores  were  circular,  single  mode  and  low 
NA,  and  the  core  material  was  initially  homogeneous  and  istropic.  It  was  found  that  after  illumination  for  several  hours  with  high 
intensity  Q-switched,  mode  locked  light  from  a  YAG  laser,  the  fiber  was  capable  of  producing  second  harmonic  when  illuminated 
only  at  1  06/xm.  The  original  observations  were  made  on  glasses  which  contained  in  the  core  Ge02  and  P2O5.19  In  Table  2  are 
shown  the  results  of  some  experiments  in  which  the  constituents  added  to  SiC>2  are  listed  in  the  first  column.  The  NA  for  the 
fibers  were  all  about  0.12.  The  peak  power  for  1.06fim  light  is  given  in  the  second  column.  The  illumination  was  done  with  5%  of 
0.53/jm  light  added  to  the  1.06/tm  light  to  shorten  the  exposure  times  as  described  by  Stolen  and  Tom.20  The  conversion  to  the 
second  harmonic  is  shown  in  the  third  column.  Other  laboratories  have  obtained  substantially  higher  values  than  shown  in  col¬ 
umn  3;  however,  column  3  does  indicate  the  relative  importance  of  the  additives  in  fused  silica  that  are  responsible  for  the  self- 
organized,  second  harmonic  generating  fibers.  Glasses  were  prepared  which  contained  either  only  Ge02  or  only  P2O5  or  both 
with  silica.  The  effect  was  even  larger  for  Ge02  alone  than  with  both  the  germania  and  phosphorous  present.  With  only 
phosphorous,  there  was  no  observed  second  harmonic  light.  An  alumino-silicate  was  prepared  which  produced  some  0.53/xm  light 
but  considerably  down  from  the  germania  containing  glass.  The  biggest  surprise  was  that  by  the  addition  of  1/2  wt  %  Yb2C>3  to 
the  alumino-silicate  glass,  there  was  produced  a  readily  measurable  amount  of  second  harmonic  emission.  This  suggests  that  the 
optical  damage  which  makes  the  effect  possible  is  not  peculiar  to  germania  but  is  generic  to  a  family  of  possible  defects  in  glass. 
The  apparent  lack  of  phase  matching  has  been  explained  on  the  basis  that  the  non-linear  tensor  which  relates  the  fundamental  to 
the  second  harmonic  could  have  its  sign  reversed  by  the  process  of  optical  damage  in  step  with  the  reversal  in  phase  between 
the  fundamental  and  second  harmonic  emissions. 20 
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Table  1  Values  for  the  end  reflectors  and 
threshold  powers  for  cw  fiber  laser  emission 
from  Nd  at  1.06,  0.9  and  1.4  pm. 
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Fig.  1  Low  lying  energy  levels  of  trivalent 
neodymium  and  the  laser  emissions  in  silicate 
glasses. 
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Fig.  2  Infrared  absorption  spectrum  of  1.5  wt 
#/o  NdjOj  in  Si02  with  3.5  wt  °/o  Al203 
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Table  2  Self-organizing  second  harmonic 
generating  single  mode  fibers. 
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Fig.  3  The  dependence  of  the  fluorescent 
spectra  in  the  4F3/2  —  4l11/2transition  on  the 
pump  wavelength  for  an  MCVD  prepared  Si02 
core  with  1  wt  %  Nd203  and  3.6  wt  %  Al203. 
The  pump  wavelengths  are  845,  826,  806  nm 
in  frames  A,  B,  and  C,  respectively 
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Fig.  4  The  dependence  of  the  laser  spectrum 
on  pump  power  above  threshold  P,h  for  1  wt 
%  Nd203  in  Si02  with  3.6  wt  %  Al203. 
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Fig.  5  Schematic  for  a  tunable  Nd  fiber  laser. 
Stable  emission  was  obtained  at  1083.41 
+  0.01  nm. 
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Fig.  6  The  Q-switched  output  from  a  5  cm 
long  fiber  in  a  150  cm  long  cavity  which  con¬ 
tained  an  acousto-optic  modulator.  Frames  A 
and  B  are  time  traces  and  C  is  the  spectrum 
of  the  beat  notes. 


Fig.  7  Two  dimensional  index  of  refraction 
profile  for  the  preform  for  the  double  clad, 
offset  core,  neodymium  fiber  laser. 


Fig.  8  Absorption  and  fluorescent  spectra  in 
the4l1K/,  —  4I,,,,  transition  for  erbium  in  Si02 
with  3.6  wt  %  Al203 


ABSORBED  POWER  (  mW  ) 

Fig.  9  Gain  at  1.55  nm  versus  pump  power  at 
various  wavelengths  for  118  cm  long  Er  fiber 
laser  with  3x1019  ions/cc  in  Si02  w*th  3.7  wt 
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Abstract 

Monomode  fibres  doped  with  rare-earth  ions  provide  many  attractive  features  as  laser  devices, 
including  pumping  by  diode-lasers,  wide  tuning  capability,  Q-switched  and  mode-locked  operation,  and  offer 
an  effective  route  to  new  laser  transitions.  This  paper  highlights  some  of  these  features  and  provides 
illustrations  taken  from  recent  experimental  results. 


The  glass  fibre  laser,  invented  by  Elias  Snitaer'  in  1961,  has  been  the  subject  of  considerable 
recent  interest  since  the  demonstration  by  Mears  et  al  in  1985  of  monomode  fibre  laser  devices  based  on 
silica  fibres.  Monomode  fibres  doped  with  rare-earth  impurities  offer  a  number  of  features  which  make  them 
attractive  as  lasers  or  amplifiers  and  the  aim  of  this  paper  is  to  highlight  some  of  these  features  and 
provide  illustrations  taken  from  recent  experimental  results.  We  also  provide  an  extensive  bibliography 
relating  to  fibre  lasers. 

Some  of  the  features  of  interest  are  listed  below: 

*  Simplicity  of  fabrication 

*  Excellent  optical  quality 

*  Freedom  from  thermal  distortion 

*  Low  threshold,  allowing  pumping  by  diode  lasers,  cw  operation  of  3-level  lasers,  and  offering 
possibilities  for  new  laser  transitions 

*  High  gain 

*  High  efficiency 

*  Wide  bandwidth,  thus  allowing  significant  tuning  ranges,  and  short  pulse  operation  via  mode-locking 

*  Compatibility  with  monomode  fibre  devices  such  as  couplers,  modulators,  integral  grating  devices  etc. 

*  Low  loss,  thus  allowing  the  use  of  long-fibre  lengths,  with  consequences  such  as  large  nonlinear 
effects,  large  dispersion,  ability  to  pump  via  weak  absorption,  etc. 

For  silica-based  fibres,  various  fabrication  techniques  have  been  described  (see  Urqhart  for  a  recent 
review).  These  include  a  variation  on  the  MCVD  process  in  which  the  dopant  is  introduced  as  a  vapour^’^, 
and  a  more  versatile  solution-doping  technique^ which  allows  the  dopant  to  be  introduced  from  solution. 
The  latter  technique  ha  allowed  co-doping  with  different  ions,  at  concentration  levels  sufficient  to 
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achieve  an  efficient  energy-transfer  laser,  as  for  example  in  the  Yb:Er  system  .  For  fibres  based  on 
f luorozirconate  glass,  quite  different  fabrication  techniques  are  required,  involving  casting  in  a  mould  to 
make  the  preform'*,  and  techniques  for  fabricating  monomode  fibres  are  still  at  an  early  stage  of 

development.  F luoroz ireonate  glass  fibres  offer  features  which  extend  the  capabilities  of  silica  fibres, 

q 

such  as  good  1R  transmission  to  longer  wavelengths  and  reduced  rates  of  nonradiative  decay  as  a  result  of 
the  lower  phonon  energies.  A  consequence  of  the  slower  non-radiative  decay  is  that  laser  emission  has  been 
observed  in  fluoride  glass  fibres  from  levels  which  in  silica  decay  too  fast  to  permit  lasing.  The  table 
below  lists  those  transitions  reported  to  have  lased  to  date  (Dec.  ’88)  in  both  silica  and  fluoride  glass 
f  ibres . 


Ion 

Transit  ion 

Host 

Wavelength  (pm) 

References 

Nd3* 

%2  -  \i/2 

SiOt 

1  .OSS  - 

1 .14 

1.2.7,10-26 

4f  l  2  -  %/2 

Sl02 

0.9  -  0 

.95 

27-29 

4  r  _  4  j 

*  3/2  13/2 

Si02 

1.39 

30 

tr  J ' 

4  T  _  *'»  1 

*13/2  *15/2 

Si02 

1  .S3  - 

1.60 

33-41,8 

Pr3* 

*d2  -  3fa 

S  iO  t 

1 .084 

42,43 

*  Di  -  3  Ft 

s  io  2 

0.886 

43 

Sm3* 

4r 

S/2  "  "9/2 

Si02 

0.651 

44 

Yb  *  * 

‘S/2  "  ‘  F  7  /  2 

Sl02 

1.01  - 

1.162  -1 

45,48,49 

0.974 

J 

Tm3* 

\  \ 

S  io  t 

1  .88  - 

1.96 

50 

Nd  3  * 

4f  4r 

*3/2  *11/2 

Fluoride 

1.05 

55 

**(r  —  4  r 

F3/2  *13/2 

Fluoride 

1.35 

31,32 

Er3‘ 

4r  -  4r 

*13/2  *  1  i/2 

Fluoride 

1.56 

4  T  _  4T 

*11/2  *11/2 

Fluoride 

2.7 

53 

Ho3  + 

si  -  S 

1 7  *8 

Fluoride 

2.08 

54 

S2,5f4  -  5i5 

Fluoride 

1.38 

54 

Tm3  + 

3s  -  \ 

Fluoride 

2.3 

52 

Below  we  list  some  comments  on  the  more  noteworthy  features  of  these  transitions. 

The  Nd3*  ^3/2  "  ^Ill/2  transltinn  at  nround  1.06  pm  is  one  of  the  most  extensively  studied  transitions, 
having  been  implicated  in  each  of  the  key  developments  of  fibre  lasers3  ’  ^ *  313  ’ 2 .  Operation  on  this 
transition  has  been  demonstrated  over  a  wide  range  of  conditions.  These  include  diode-pumped 
operation1* ~ * 4 ,  Q-switched  operation*  **  •**' *b ,  mode-locked  operation* 7-*^  ’  ,  tuned  operation21*  ’ 21  and 


2  2 

superf luorescent  operation  .  Operation  with  various  resonator  configurations  has  been  demonstrated, 

23 

including  resonators  with  butted  mirrors,  with  mirrors  directly  coated  on  the  fibre  ends  ,  single 
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longitudinal  mode  operation  in  a  fibre  incorporating  an  integral  grating24,28,  single  longitudinal  mode 

25 

operation  in  a  Fox-Smith  resonator  incorporating  fibre  loops  as  reflectors  .  A  summary  of  the  performance 
characteristics  reported  to  date  include:  thresholds  of  well  below  1  mW,  efficiencies  of  ~  502,  single 
frequency  operation  with  linewidth  of  ~  1  MHz28,  mode-locked  operation  with  bandwidth  limited  pulses  of  20 
psec18,  cw  output  power  of  10  mw  when  diode-pumped14,  peak  output  power  of  ~  100  w  from  a  Q-switched 
diode-pumped  laser18,  peak  powers  of  ~  1  kw  in  a  mode-locked,  Q-switched,  diode-pumped  laser14,  tuning  over 
a  range  of  70-80  nm20,21.  These  results  indicate  some  of  the  potential  of  fibre  lasers. 

For  the  Nd2  +  ^3/2  ~  ^S/2  transiti°n  at  ~  0*9  pm,  the  lower  laser  levels  lie  in  the  ground  manifold  and 

therefore  result  in  a  3-level  character,  due  to  the  significant  population  in  the  lower  laser  level. 

27 

Following  the  first  observation  of  lasing  on  this  transition  in  a  fibre  laser  ,  tuned  operation  has  been 
demonstrated20,21,  Q-switched  and  mode-locked  operation28,  and  diode  pumped  operation28.  Generally 
performance  levels  are  somewhat  below  those  achievable  on  the  ~  1 1 1  / 2  transiti°n  as  a  result  of  the 

3-level  character. 

The  Nd2+,  ^F j y 2  -  1 3 /2  transition.  in  the  1.3  pm  region,  suffers  from  excited  state  absorption21  (ESA), 

a  cause  for  some  disappointment  in  view  of  the  potential  applications  in  optical  communications  for  sources 
and  amplifiers  in  this  region.  Lasing  on  this  transition  has  been  achieved  in  silica  fibre20,  but  the  ESA 
forces  operation  at  wavelengths  too  long  (~  1.4  pm)  to  be  of  interest  for  optical  communications  (this  falls 

in  a  region  of  OH  absorption).  Fluoride  glass  fibres  offer  better  prospects  with  reduced  ESA  problems,  and 

31  3  2 

shorter  wavelength  operation  (1.33  -1.35  pm)  *  . 

The  Er2*,  4 f j 3 / 2  “  ^*15/2  transition  at  ~  l-55  P®  is  of  particular  importance  as  it  falls  in  the  so 
called  third  transmission  window  of  silica  based  communication  fibres.  Several  different  pump  lasers  have 
been  used,  the  first  operation  being  obtained  with  a  514  nm  Argon  laser  pump22.  An  important  breakthrough 
was  made  with  the  demonstration  of  pumping  by  a  GaAlAs  diode  laser  at  807  nm3^’2'’  since  this  offers  the 
prospect  of  a  very  convenient  package  for  in-line  amplification  in  optical  fibre  communication  systems 
operating  at  1.55  pm.  A  problem  that  has  been  identified  with  pumping  around  800  nm  is  that  of  ESA,  of  the 
pump  radiation,  which  reduces  the  available  gain28.  Despite  this  the  diode-pumped  Er  fibre  amplifier  may 
still  prove  to  be  a  successful  device,  as  the  increased  pump  power  requirements  enforced  by  the  ESA  may  be 
met  using  high  brightness  diode  arrays  which  allow  a  significant  fraction  of  their  output  to  be  coupled  into 
a  monomode  fibre27,14.  Meanwhile  alternative  approaches  which  reduce  the  ESA  are  being  investigated.  One 
of  these28  involves  pumping  with  980  nm  radiation,  for  which  ESA  is  absent,  and  has  resulted  in  high  gain,  24 
dB  for  11  mw  of  absorbed  pump,  i.e.  2.2  dB/mW.  Another  approach  involves  the  use  of  fibre  co-doped  with  Yb 
and  Er,  in  which  pumping  takes  place  into  the  absorption  band  of  Yb  which  then  transfers  its  excitation  to 
the  Er28.  The  broad  absorption  band  of  Yb  (~  0.8  -  1.06  pm)  allows  pumping  in  regions  away  from  the  Er  ESA. 
Results  form  this  Yb:Er  fibre  include  efificient  pumping  in  the  wavelength  range  of  diode  lasers  (~  0.8 
pm)40,  NdYAG  and  NdYLF  lasers8,41  and  demonstrate  that  the  solution  doping  technique  can  achieve  dopant 
concentrations  sufficient  to  allow  efficient  energy  transfer. 
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While  the  Nd3*  and  Er3*  fibre  lasers  have  so  far  received  most  attention  there  is  a  growing  list  of  new 
fibre  laser  transitions,  some  of  which  have  not  previously  been  observed  to  lase  in  a  glass  host.  An 
example  of  this  is  provided  by  the  Pr3  +  transitions  *D2  -  3F^  (-»  1.084  pm)43  and  3D2  -  3F2  0.886  pm)43, 

both  of  which  have  operated  in  a  silica  fibre,  pumped  by  a  cw  Rhodamine  6G  laser,  but  had  not  previously 
been  reported  in  a  glass  host.  Another  example  is  provided  by  the  Sm3  +  doped  fibre  laser44,  operating  on 
the  -  ^h9/2  transition  at  0.65  pm,  this  being  the  first  report  on  lasing  on  this  transition  in  any 

host  and  the  first  example  of  visible  fibre  laser. 

Other  transitions  recently  observed  to  lase  in  fibres  include  the  Yb3+,  3Fj72  ~  2p7/2  transition4-* ,  which 
in  fact  has  two  resolved  transitions,  a  broad  one  centred  at  ~  1.064  pm  (4-level  laser)  and  a  narrower  one 
at  0.974  pm  (3-level  laser).  The  4-level  transition  has  previously  been  observed  to  lase  in  bulk 
glass'4®’47,  but  not  the  three-level  transition.  Some  interesting  features  of  the  Yb3  +  fibre  laser  are  the 
very  wide  tuning  range  achieved  (1.01  -  1.16  pm)4®,  in  part  due  to  the  absence  of  any  limitation  due  to  ESA, 

and  the  observation  of  efficient  superf luorescent  emission  on  the  3-level  (0.974  pm)  and  4-level  (1.04  pm) 
49 

transition  . 

Tm3*  provides  another  interesting  example.  When  pumped  at  797  nm  it  has  produced  lasing333  on  the  3H^  to 
3Hg  transition  at  -  1.85  pm.  This  (3-level)  laser  transition  has  previously  been  operated  in  pulsed  fashion 
in  bulk  glass  by  Gandy  et  al31.  The  fluorescence  emission  in  the  fibre  covers  the  range  ~  1.7  pm  to  2.2  pm, 
thus  offering  this  as  a  potential  tuning  range  and  with  the  additional  attractive  possibility  of  diode 

"1  +  CO 

pumping.  It  is  interesting  to  note  that  f luorozirconate  fibre  doped  with  Tm  has  instead  operated  ‘  at  2.3 
pm  on  the  3F^  -  3Hg  transition  (we  have  used  the  level  notation  of  Gandy  et  al3i  rather  than  of  Esterowitz 

CO  3 

et  al  ),  since  the  F^  level  does  not  undergo  rapid  non-radiative  decay  as  in  silica  glass. 

Further  examples  of  the  additional  laser  transition  made  possible  by  reduced  non-radiative  decay  rates  in 
f luorozirconate  glass  fibres  are  found  in  Er3*,  on  the  4Jjj^2  *  ^*13/2  transition  at  2.7  pm®3,  and  Ho3*, 
with  transitions  at  34  at  2.08  pm,  ®I7  -  3Ig  and  at  1,38  pm,  ®S2,  -  3Ig. 

Summary 

Developments  in  fibre  lasers  are  taking  place  rapidly,  with  new  laser  transitions  demonstrated  and 
improved  powers,  efficiencies  and  gains.  Fluuorozirconate  fibres  in  particular  offer  the  prospect  of  many 
more  laser  transitions  with  possibilities  for  energy  transfer  and  up-conversion.  Developments  in  diode 
lasers,  enabling  more  pump  power  to  be  launched  into  monomode  fibres34  will  play  an  important  role  in  the 
future.  New  fibre  geometries  like  the  double-clad  fibre3®  can  also  lead  to  efficient  utilisation  of  pump 
power  from  high  power  diode  arrays.  With  the  increased  power  levels  now  being  achieved  in  fibre  lasers, 
particularly  in  Q-switched  and/or  mode-locked  systems,  nonlinear  effects  will  become  increasingly  accessible 
and  increasingly  important. 
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Abstract 


Silica  telecommunications  optical  fibers  show  remarkable  properties  as  lasers  and  traveling  wave  optical 
amplifiers  when  doped  in  the  core  with  luminescent  rare  earth  ions.  Practical  application  of  such  fibers,  especially  in 
communications  systems,  is  currently  impeded  by  inefficiencies  associated  with  excited  state  absorption  (ESA).  We 
show  through  Judd-Ofelt  analysis  that  it  is  possible  to  mitigate  the  effects  of  ESA  through  the  proper  choice  of  glass 
matrix.  This  has  led  to  the  demonstration  in  fluoride  fiber  of  the  first  neodymium  glass  laser  to  operate  within  the  1.3 
micron  telecommunications  channel  and  to  the  substantial  reduction  of  ESA  at  the  0.8  micron  erbium  pump  band. 


Introduction 


In  recent  years,  a  great  deal  of  progress  has  been  made  in  developing  optical  fibers  as  host  media  for  rare  earth 
ion  lasers  and  optical  amplifiers.  The  particular  advantages  of  these  devices  stems  from  the  small  core  dimension  found 
in  single  mode  fiber  which  has  a  typical  diameter  of  less  than  10  microns.  Such  small  active  volumes  permit  not  only 
high  levels  of  optical  excitation  density  and  excellent  coupling  between  pump  and  laser  modes  but  also  rapid  thermal 
dissipation  of  excess  heat  that  prevents  catastrophic  stress  fracture  of  the  glass.  It  has  been  possible  to  routinely 
demonstrate  c.w.  three  level  lasers1,  tunable  lasing  over  linewidths  broadened  by  ion-amorphous  host  interactions2,  and 
sub-milliwatt  lasing  thresholds3,  performance  that  is  not  feasible  with  bulk  glass  formats. 

Considerable  interest  in  these  developments  has  arisen  in  the  area  of  telecommunications  because  of  the 
possibility  of  fabricating  luminescent  fiber  amplifiers  that  can  operate  on  optical  signals  directly  without  the  need  for 
photonic/electronic  conversion.  Impressive  demonstrations  have  already  been  reported  for  erbium-doped  silica  fiber 
that  show  gain  in  excess  of  30  dB4,  efficiency  of  2  dB/milliwatt  pump  power5'  and  very  low  noise6  when  such  fiber  is 
operated  as  a  single  pass,  traveling  wave  optical  amplifier.  It  is  to  be  emphasized  that  this  performance  is  achievable  in 
a  device  that  has  no  inherent  polarization  sensitivity  and  can  be  spliced  into  existing  fiber  networks  with  essentially 
negligible  coupling  loss.  The  two  principal  issues  that  remain  to  be  overcome  in  order  to  make  erbium  fiber  amplifiers  of 
substantial  practical  interest  are  the  low  efficiency  of  the  device  when  optically  pumped  at  0.8  micron,  the  nominal 
operating  wavelength  of  AIGaAs  laser  diodes,  and  the  small  bandwidth  of  the  1 .55  micron  gain  region  which  is  only  3  nm 
for  silica  fiber  amplifiers.  We  will  show  that  the  former  characteristic  can  be  improved  by  changing  the  erbium  ion  glass 
host  from  silica  to  certain  non-conventional  compositions  such  as  fluorozirconate-based  glasses,  and,  although  it  will  not 
be  described  in  this  paper,  we  have  also  discovered  that  it  is  also  possible  to  improve  the  bandwidth  by  at  least  a  factor 
of  three  through  similar  changes  in  glass  host. 

The  other  rare  earth  ion  of  interest  for  telecommunications  applications  is  neodymium  because  it  has  a 
luminescent  transition  centered  near  1.3  micron,  the  "second"  transmission  window  in  optical  fiber.  The  technology  for 
neodymium  fiber  amplifiers  is  less  developed  than  for  erbium  devices  because  in  standard  silica  fiber  the  1 .3  micron 
luminescence  has  no  optical  gain  within  the  communications  window7.  This  situation  is  caused  by  a  competing  ESA 
which  prevents  gain  at  wavelengths  other  than  at  the  red  edge  of  the  emission  near  1.4  micron,  a  wavelength  of  no 
interest  for  communications.  As  is  the  case  for  erbium,  this  obstacle  can  be  at  least  partially  overcome  by  the  judicious 
choice  of  non-conventional  glass  compositions. 

Judd-Ofelt  Analysis 

The  poor  pumping  efficiency  of  erbium  ions  at  0.8  micron  and  the  lack  of  gain  at  1.3  micron  for  neodymium  ions 
are  both  manifestations  of  absorption  between  the  metastable  upper  laser  level  populated  by  absorption  of  pump 
photons  to  still  higher  levels  of  these  ions.  These  excited  state  transitions  give  rise  to  absorption  bands  that  accidentally 
lie  near  0.8  and  1 .3  micron  for  Er3+  and  Nd3+,  respectively.  It  is  a  characteristic  of  rare  earth  ion  transition  arising  from  f- 
electron  configurations  that  the  energies  of  the  transitions  are  relatively  insensitive  to  the  ion  host.  This  means  that  it  is 
unlikely  that  the  accidental  degeneracies  can  be  removed  by  differential  shifting  of  the  relevant  ion  states  in  various  host 
materials,  and  this  expectation  was  confirmed  by  us  through  a  comparison  of  the  ground  state  absorption  of  these  ions  in 
a  variety  of  glasses.  It  was  discovered  that  while  small  energy  shifts  could  be  induced  by  changing  glass  composition, 
the  shifts  among  the  various  bands  was  very  similar  so  that  the  relative  spacings  remain  largely  unchanged. 
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On  the  other  hand,  it  is  known  that  the  iinestrengths  of  f-electron  transitions  are  somewhat  sensitive  to  the  ion 
surroundings,  so  that  the  possibility  existed  to  lower  the  intensity  of  deleterious  ESA  transitions  through  the  judicious 
choice  of  host  materials  Fortunately,  a  very  useful  semi-empirical  theory  was  developed  in  early  1960's  independently 
photonic/electronic  conversion.  Impressive  demonstrations  have  already  been  reported  for  erbium-doped  silica  fiber 
that  show  gain  in  excess  of  30  dB4,  efficiency  of  2  dB/milliwatt  pump  power5,  and  very  low  noise6  when  such  fiber  is 
operated  as  a  single  pass,  traveling  wave  optical  amplifier.  It  is  to  be  emphasized  that  this  performance  is  achievable  in 
a  device  that  has  no  inherent  polarization  sensitivity  and  can  be  spliced  into  existing  fiber  networks  with  essentially 
negligible  coupling  loss.  The  two  principal  issues  that  remain  to  be  overcome  in  order  to  make  erbium  fiber  amplifiers  of 
substantial  practical  interest  are  the  low  efficiency  of  the  device  when  optically  pumped  at  0.8  micron,  the  nominal 
operating  wavelength  of  AIGaAs  laser  diodes,  and  the  small  bandwidth  of  the  1.55  micron  gain  region  which  is  only  3  nm 
for  silica  fiber  amplifiers.  We  will  show  that  the  former  characteristic  can  be  improved  by  changing  the  erbium  ion  glass 
host  from  silica  to  certain  non-conventional  compositions  such  as  fluorozirconate-based  glasses,  and,  although  it  will  not 
be  described  in  this  paper,  we  have  also  discovered  that  it  is  also  possible  to  improve  the  bandwidth  by  at  least  a  factor 
of  three  through  similar  changes  in  glass  host. 

The  other  rare  earth  ion  of  interest  for  telecommunications  applications  is  neodymium  because  it  has  a 
luminescent  transition  centered  near  1.3  micron,  the  "second’'  transmission  window  in  optical  fiber.  The  technology  for 
neodymium  fiber  amplifiers  is  less  developed  than  for  erbium  devices  because  in  standard  silica  fiber  the  1.3  micron 
luminescence  has  no  optical  gain  within  the  communications  window7.  This  situation  is  caused  by  a  competing  ESA 
which  prevents  gain  at  wavelengths  other  than  at  the  red  edge  of  the  emission  near  1.4  micron,  a  wavelength  of  no 
interest  for  communications.  As  is  the  case  for  erbium,  this  obstacle  can  be  at  least  partially  overcome  by  the  judicious 
choice  of  non-conventional  glass  compositions. 

Judd-Ofelt  Analysis 

The  poor  pumping  efficiency  of  erbium  ions  at  0.8  micron  and  the  lack  of  gain  at  1.3  micron  for  neodymium  ions 
are  both  manifestations  of  absorption  between  the  metastable  upper  laser  level  populated  by  absorption  of  pump 
photons  to  still  higher  levels  of  these  ions.  These  excited  state  transitions  give  rise  to  absorption  bands  that  accidentally 
lie  near  0.8  and  1.3  micron  for  Er8+  and  Nd8+,  respectively.  It  is  a  characteristic  of  rare  earth  ion  transition  arising  from  f- 
electron  configurations  that  the  energies  of  the  transitions  are  relatively  insensitive  to  the  ion  host.  This  means  that  it  is 
unlikely  that  the  accidental  degeneracies  can  be  removed  by  differential  shifting  of  the  relevant  ion  states  in  various  host 
materials,  and  this  expectation  was  confirmed  by  us  through  a  comparison  of  the  ground  state  absorption  of  these  ions  in 
a  variety  of  glasses.  It  was  discovered  that  while  small  energy  shifts  could  be  induced  by  changing  glass  composition, 
the  shifts  among  the  various  bands  was  very  similar  so  that  the  relative  spacings  remain  largely  unchanged. 

On  the  other  hand,  it  is  known  that  the  Iinestrengths  of  f-electron  transitions  are  somewhat  sensitive  to  the  ion 
surroundings,  so  that  the  possibility  existed  to  lower  the  intensity  of  deleterious  ESA  transitions  through  the  judicious 
choice  of  host  materials.  Fortunately,  a  very  useful  semi-empirical  theory  was  developed  in  early  1960's  independently 
by  Judd8  and  Ofelt  9  that  made  it  possible  to  calculate  rather  accurately  the  integrated  intensity  of  induced  electric  dipole 
transitions  between  f-electron  states  of  rare  earth  ions.  This  treatment  provides  a  powerful  tool  for  identifying  glasses  that 
have  improved  properties  relative  to  silica  in  terms  of  reduced  ESA  intensity. 

In  the  customary  formulation  of  Judd-Ofelt  theory,  the  electric  dipole  linestrength  for  transitions  between  rare  earth 
f-electron  levels  is  expressed  in  terms  of  a  linestrength  function  Sm.  which  is  given  by  the  summation  over  the  so-called 
Judd-Ofelt  parameters  and  the  doubly  reduced  matrix  elements  U(')  as  shown  in  Equation  1 . 


Sm  =  I  S2i  I!  U(0  ||  2 
i  =  2,  4,  6 


Eq.  (1) 


Essentially,  the  Qi  contain  atomic  radial  integrals  and  are  determined  empirically  for  each  ion/host  combination  by  fitting 
simple  ground  state  absorption  (GSA)  spectra.  Using  the  set  of  three  fij  and  the  doubly  reduced  matrix  elements,  which 
are  regarded  to  be  host  independent,  the  oscillator  strength  of  the  electric  dipole  transition  between  any  two  ion  states 
can  be  calculated  using  Equation  2  in  which  v  is  the  frequency  and  J  is  the  total  angular  momentum  quantum  number  of 
the  initial  state. 


f  = 


8  n 


m  v 


3  h  (2  J  +  1  ) 


-’m 


Eq.(2) 
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Judd-Ofelt  theory  was  used  to  calculate  the  ratio  of  ESA/GSA  oscillator  strengths  in  the  0.8  micron  region  for 
several  Er3+containing  glasses,  and  a  partial  summary  of  the  results  are  contained  in  Tablel. 

Table  1.  Judd-Ofelt  Parameters  (X  e20  cm2)  and  Calculated  ESA/GSA  Oscillator  Strength  Ratio  for  Er3+  at  0.8  Micron. 

4113/2  -2H11/2 


glass 

^2 

o4 

4115/2-419/2 

borosilicate10 

2.9 

0.4 

0.2 

1.75 

phosphate10 

3.7 

0.8 

0.8 

1.19 

fluorophosphate 

3.4 

1.8 

1.2 

0.99 

fluorozirconate 

2.5 

1.4 

1.0 

0.98 

It  is  evident  from  Table  1  that  it  is  possible  to  improve  the  ESA/GSA  ratio  to  the  point  of  making  the  relevant  transitions  of 
equal  strength  by  changing  glass  composition.  The  current  results  for  pumping  Er3+  silica  fiber  at  0.8  micron  show  that 
amplifier  operation  is  marginally  efficient  at  this  wavelength,  so  that  it  can  be  expected  from  the  results  of  Judd-Ofelt 
analysis  that  a  substantial  improvement  in  amplifier  efficiency  can  be  realized  in  non-conventional  glass  fibers. 

A  similar  analysis  was  performed  for  Nd3+  in  glass,  only  in  this  case  the  linestrength  functions  were  compared  for  ESA 
and  emission  at  1 .3  micron.  Some  of  these  results  are  listed  in  Table  2. 


Table  2.  Judd-Ofelt  Parameters  (X  e20  cm2)and  Calculated  ESA/Emission  Linestrength  Function  Ratio  for  Nd3+  at  1.3 
Micron. 


glass1 1 

«2 

n4 

% 

4F3/2  -  4G11/2 
4F3/2  -  419/2 

silica 

6.0 

4.7 

4.1 

1.08 

phosphate 

3.3 

5.0 

5.6 

0.56 

fluorozirconate 

1.7 

3.3 

3.9 

0.48 

fluorophosphate 

1.4 

4.0 

4.6 

0.42 

fluoroberyllate 

0.2 

3.9 

4.6 

0.28 

As  Table  2  suggests,  silica  is  among  the  poorest  choices  for  a  1.3  micron  laser  host  because  of  the  unfavorable 
intensity  of  the  ESA.  It  fact,  these  results  provide  a  satisfying  rationale  for  the  observed  performance  of  Nd3+in  silica,1 
and  suggest  that  there  are  many  glasses  that  should  do  better  at  1 .3  micron. 

Erbium3+  ESA  Soectra 


To  test  the  predictions  of  the  Judd-Ofelt  analysis  for  Er3+  glasses,  ESA  difference  spectra  were  measured  for  both 
a  standard  germania  doped  silica  fiber  and  a  fluorozirconate  fiber  of  composition  (in  mol%)  53  ZrF4  -  20  BaF2  -  4  LaF3 
-  3  AIF3  -  20  NaF  (ZBLAN).  The  results  are  shown  in  Figure  1  where  the  difference  spectra  represent  the  change  in 
fiber  absorption  constant  A  a  between  fiber  optically  pumped  at  514.5  nm  by  an  argon  ion  laser  and  umpumped  fiber. 
Aa  is  related  to  the  difference  in  cross  sections  by  Equation  3  and  is  positive  for  increased  absorption  and  negative  for 
bleaching. 


A  a  =  ne  I  (°e  -  ag)  Eq.  3 


Figure  1  shows  the  origin  of  the  inefficiency  for  0.8  micron  pumping.  In  spite  of  the  presence  of  a  GSA  band 
centered  near  0.8  micron  the,  ESA  difference  spectrum  shows  only  the  presence  of  increased  absorption  when  the  silica 
fiber  is  optically  pumped  indicating  that  the  ESA  overwhelms  GSA  in  this  wavelength  region.  This  result  confirms  earlier 
work  at  British  Telecom13  where  the  silica  spectrum  was  first  measured.  Another  ESA  band  also  appears  near  0.85 
micron.  By  contrast,  the  ESA  difference  spectrum  of  the  ZBLAN  fiber  only  shows  the  0.85  band.  The  region  near  0.8 
micron,  although  noisy,  clearly  demonstrates  the  absence  of  increased  absorption  indicating  that  the  ESA  and  GSA 
intensities  must  be  approximately  the  same.  These  results  provide  a  clear  qualitative  confirmation  of  the  Judd-Ofelt 
analysis,  and  strongly  suggest  that  substantial  improvements  in  Er3+  amplifier  pump  efficiency  at  0.8  micron  will  be 
realized  in  non-conventional  fibers. 
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In  the  case  of  Nd3+,  the  prediction  of  Judd-Ofelt  theory  was  tested  by  conducting  a  laser  experiment  in  a  non- 
conventional  fiber.  For  the  test,  it  was  convenient  to  fabricate  a  multimode  fiber  of  fluorozirconate  glass  containing  Nd3+ 
in  the  core.  In  ZBLAN  glass,  it  was  calculated  that  the  integrated  emission  linestrength  at  1.3  micron  is  about  a  factor  of 
two  greater  than  the  ESA  linestrength  so  that  lasing  should  be  feasible.  Using  the  doped  ZBLAN  fiber,  a  simple 
broadband  Fabry-Perot  cavity  was  constructed  with  the  fiber  longitudinally  pumped  at  514.5  nm.  Figure  2  shows  the 
spectral  output  of  the  cavity,  both  below  and  above  lasing  threshold.  Below  threshold,  the  spontaneous  emission 
spectrum  is  recorded,  whereas  above  threshold  the  band  collapses  showing  stimulated  emission  centered  near  1.34 
micron  in  the  untuned  cavity.  Just  above  threshold  the  lasing  is  centered  at  1 .33  micron.  This  is  the  first  demonstration  of 
a  glass  laser  which  operates  within  the  1 .3  micron  telecommunications  window13. 

It  is  noteworthy  in  Figure  2  that  the  peak  of  the  fluorescence  does  not  correspond  to  the  free  running  laser  wavelength. 
This  mismatch  is  most  likely  caused  by  residual  ESA  which  forces  the  peak  gain  region  to  lie  to  the  red  of  the 
spontaneous  fluorescence  peak.  Experiments  are  now  in  progress  to  accurately  map  out  the  gain  region  in  these 
devices,  although  it  now  appears  from  a  studv  of  the  1.3  micron  emission  in  a  number  of  glasses  that  gain  to  the  blue  of 
1 .30  micron  is  unlikely. 


Summary 

Through  the  use  of  Judd-Ofelt  theory  as  a  predicative  guide,  it  was  shown  possible  to  circumvent  shortcomings  of  silica 
glass  as  a  rare  earth  ion  laser  host  for  applications  that  are  important  for  telecommunications.  Fluorozirconate  glass  in 
particular  was  demonstrated  to  have  properties  superior  to  silica  in  terms  of  favorably  perturbing  rare  earth  ion  radiative 
transition  strengths  to  make  possible  improved  luminescent  optical  amplifiers  that  operate  at  the  1.3  and  1.55  micron 
telecommunications  windows. 
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Figure  1  ESA  difference  spectra  for  Er3+  in  germania  doped  silica  fiber  (upper)  and  ZBLAN  fiber  (lower).  The  absence 
of  the  800  nm  ESA  band  in  ZBLAN  fiber  indicates  closely  similar  GSA  and  ESA  intensities  in  the  fluoride  glass. 
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Abst  rac  t 


Properties  ot  available  fiber  amplifiers  and  their  relative  advantages  for  optical  fiber  commun icat i ons 
are  reviewed.  Emphasis  is  on  erbium-doped  fiber  amplifiers  operating  in  the  second  A  -  1.5  ym  telecommunication 
window.  The  characteristics  ot  this  type  of  device  as  well  as  the  main  experimental  results  reported  to  date 
are  summarized  and  put  in  perspective  with  the  field  of  semiconductor  amplifiers. 


They  can  be  used 


Optical  amplifiers  are  of  great  importance  in  the  field  ot  fiber  optics  communications 
tor  loss  compensation  in  long  haul  fiber  links^,  or  as  digital  regenerative  repeaters^,  or  as  preamplifiers 
tor  enhancing  s igna I -to-noise  ratio  during  detection-^.  A  major  advantage  offered  by  direct  optical 
amplification  is  the  possibility  of  amplifying  simultaneously  several  channels  without  the  need  of 
optoelectronic  conversion  and  high-speed  electronic  interface.  Semiconductor  amplifier  technology  has 
matured  considerably  (see  for  instance  refs.  [4-5’)  since  the  realization  of  the  first  GaAs  laser  diodes 

l  6 


(J4o2>.  At  about  the  same  time,  the  first  rare-earth  glass  lasers  in  1961D  started  research  on  glass 
fiber  amplifiers  and  laser  sources^”^.  With  the  availability  of  low-loss  single-mode  fibers  (1970),  fiber 
nonlinear  optics  using  Raman,  Brillouin  and  four-wave  mixing  effects^  offered  new  possibilities  for  light 
generation  and  amplification.  More  recently  (1985),  modified  vapor-phase  techniques  for  fiber  fabrication^ 
have  led  to  the  realization  of  a  large  variety  of  rare-earth  doped  fiber  sources  and  amplifiers  (see  for 
instance  ref.  With  this  perspective  in  mind,  one  may  wonder  what  alternate  solutions  or  possible 

advantages  for  fiber  optic  communications  may  now  be  offered  by  fiber  amplifiers. 


In  this  memorandum,  the  performance  and  capabilities  of  fiber  amplifiers  based  on  non  1  inear i t i es  and 
rare-earth  doping  are  reviewed.  The  main  focus  is  on  erbium-doped  fiber  devices  operating  in  the  A  -  1.5  ym 
telecommunication  window,  with  a  summary  of  various  signal  amplification  experiments  reported  to  date. 
Experimental  results  obtained  on  signal  amp  1 i f icat ion  are  detailed.  A  low-noise,  high-speed  signal 
amplification  experiment  at  2  Gigabit/s  is  also  reviewed.  The  main  features  of  erbium-doped  fiber  amplifiers 
are  then  compared  with  semiconductor  amplifiers. 


The  two  main  single-mode  fiber  amplifier  types  are  (a)  nonlinear  fiber  amplifiers  and  (b)  doped-fiber 
amplifiers.  Devices  based  on  stimulated  Raman  and  Brillouin  scattering  (SRS,  SBS)  and  stimulated  four  wave 
mixing  (SFW'M)q  belong  to  the  first  type.  Neodymium  (Nd)  and  erbium  (Er)  fiber  devices  (see  for  instance  [7_, 
11  ,  12.)  belong  to  the  second  type.  Table  1  summarizes  the  main  features  of  SRS,  SBS,  SFWM  and 

Erbium-doped  amplifiers.  For  the  nonlinear  types,  the  operating  signal  wavelengths  are  determined  by  the 
choice  ot  the  pump  wavelength  (SRS,  SBS)  or  the  phase-matching  conditions  (SFPM),  and  are  therefore  tunable 
over  the  two  fiber  telecommunication  windows  (A  -  1.3-1. 5  ym).  Since  Nd-doped  fibers  operate  outside  the 
telecommunications  windows  near  A  _  1.06  ym,  the  main  effort  is  on  Er-doped  fiber  amplifiers  which  operate 
near  A  _  1.53  ym.  A  second  criterion  is  the  pump  power  requirement  for  achieving  sizable  signal  gain 
( i.e.  G  >  10  dB).  For  SFPM,  SRS  and  SBS,  the  pump  powers  are  of  the  order  of  100W,  1W  and  lOmW, 
respectively.  For  Er-doped  devices,  pump  powers  are  less  than  100  mW.  Other  important  aspects  are  the 
required  fiber  lengths,  the  gain  bandwidths  and  the  gain  sensitivity  to  signal  polarization.  For  the  four 
types  of.  amplifiers,  the  fiber  lengths  range  from  lm  to  10  km,  the  gain  bandwidths  from  10  MHz  to  12  THz,  and 
only  the  Er  type  is  intrinsically  polarization  insensitive  (as  discussed  further  below).  For  SRS,  SBS  and 
SFPM,  as  applied  to  nonpolar izat ion-ma inta ining  fibers,  however,  the  effect  of  polarization  scrambling  results 
in  a  polarization  insensitive  (and  reduced)  gain.  Figure  1  summarizes  the  main  experimental  results 
in  terms  of  gains  and  related  pump  powers  that  have  been  reported  over  the  past  decade  for  nonlinear  fiber 
amplifiers.  The  figure  shows  that  SRS  and  SFPM  can  achieve  gains  in  the  30-50  dB  range  with  pump  powers 
above  1W  and  100W,  respectively.  These  experiments  required  high-power  CW  or  pulsed  lasers  and  are  not 
practical  for  communication  applications.  However,  SRS  can  exhibit  useful  gains  (^5  dB)  for  fiber  loss 
compensation  with  pump  powers  in  the  100  mW  range.  SBS  can  provide  13  dB  to  20  dB  gains  with  pump  powers 
in  the  1  mW  range.  This  indicates  the  possibility  of  practical  laser  diode  pumped  amplifiers. 


Some  qualitative  and  quantitative  comparisons  are  made  in  Table  1.  For  instance,  the  advantage  of 
SRS  is  its  large  gain  bandwidth  (12  THz),  but  its  disadvantages  are  the  long  fiber  lengths  (km  range)  and 
relatively  high  pumping  powers  (Watt  range).  Practical  applications  of  SRS  to  optical  communications  seem 
thus  to  be  limited  to  signal  boosting  and  possibly  to  compensation  of  fiber  loss  in  long-haul  links,  through 
distributed  gain.  Laser-diode  pumped  SRS  amplification  of  WDM  optical  channels  using  60  mW  pump  power  was 
reported^,  giving  a  5  dB  increase  in  output  signal  powers.  Loss-compensating,  distributed  SRS  gain  is 
also  amenable  to  soliton  propagation^,  and  has  been  recently  demonstrated  with  300  mW  pump  power  for  a 
4000  km-!ong  fiber  distance^.  On  the  other  hand,  SBS  is  character i zed  by  a  comparatively  narrow  gain  band¬ 
width  (typically  10-100  MHz),  which  can  be  broadened  by  pump  modulation^.  Thus,  the  use  of  SBS  imposes 
a  limitation  in  signal  bit  rate,  and  requires  accurate  pump  and  signal  frequency  control.  The  advantage  of 
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i  n  lor  low-  pump  powvr  (10  mV  i  .  wh ;  c  h.  is  amenable  to  laser  diode  pumping.  A  SBS  gain  as 
is  r»  por'i- .!  tor  2  ’>0  Mbit/s  FbK  signal  amplii  ication  with  12  mW  AlC.aAs  laser  diode  pump 
xp*-  r  i  me nr  shoved  that  the  narrow  SBS  gain  bandwidth  can  be  adequately  used  as  a  means  of 
ii  iriou  tor  r  requeue  y-ti  i  v  i  s  i  on  multiplexed  signals.  Loss  compensation  at  1.5  inn 
km  fiber  length  was  also  demonstrated  with  a  2  mW  diode  pump***. 

-  a  griph  similar  to  that  of  Figure  I,  as  applied  to  rare-earth-doped  fiber  amplifiers. 

■  :  :  :  N.  r  i»  v i ce  s ,  operaf  i ng  ir  1 .On  pm  wavelength,  were  reported  in  1464  using  for  the 
e  1  i-.-  la  gT  rod-  and  in  lq'0  a  InAsP  laser  diode*4.  The  high-energy  (200-3  50J) 
c  iguration  used  in  these  early  experiments  achieved  gains  in  the  ‘37-47  dB  range. 

i  -doped  fiber  amplifier  expe  r  imenr.  s  have  been  reported  only  since  1487,  following 
interest  tor  rare-earth  doped  t i be r s * ^ » 20  and  the  demonstration  in  i486  of  the  first 
as.  r  b  viu's^-".  lln  se  lasers  were  opt  icaily  pumped  with  an  argon-ion  laser  (end-pumping 
,  '  r  with  i  ga-  discharge  tube  (the  fiber  being  wound  around  it'l^-.  As  shown  in  Fig.  2, 

r  f  .'In  r  amp  1  :  J  iers  .  m  In-  pumped  at  various  'wavelengths  that  correspond  to  the 

o :  r.r:g!as-  488  nm-’  ' ,  '•  I  "  28  nn-4-^  and  this  paper-,  64  7-6  70  nm2'~*l,  807  nm^2-  1  1  , 

4'  r.m.  *-.  The  d  i  !  t  e re  m  e  s  in  gains  for  identical  pump  powers  and  pump  wavelengths  can  be 
ri.it  L'ms  in  fiber  design  (numerical  aperture,  core  diameter),  for  which  pump  thresholds 

I'-  .! :  t  :  e  r .  Farther,  the  effect  of  pump  excited-state  absorption  (ESA),  observed  in 

,  -n  i  urs  at  many  oj  these  pump  wavelengths.  The  effect  of  ESA  is  an  unwanted  pump  absorption 
:  ’*.•  b|  •,  •;*  jumping  efficiency.  Tin’s  point  is  illustrated  in  Figure  2.  Gains  of  .'35  dB  were 
irrn-r  r'dd|  nm  pump  **  or  51 4. 5  nm  pump1^ ,  the  launched  pump  power  being  about  double  (  22  5  mV) 
s...  The  luwt-r  pump  power  requirement  at  670  nm  for  the  same  amplifier  gain  can  be  explained 
f  !  v  .  •  oi  HSA  at.  this  wave  1  engt  h  *  *  *°  . 


•  1 1  1  ah  1 e  tor 
>er»  ;  re  re 
niched  pamp 
U  f  he  t  i  be 
laser  diodes 
:  it-r  shou  1  ! 


rna  r.  i  ve  so  1  •, 
Tin-  Yb  i ' 


0  ESA  is  large  around  tin*  wavelength  of  800  nm,  where  high-power  GaAlAs 
r  the  pump.  !n  spite  of  HSA,  however,  gains  of  *28  dB  with  50  mW  launched 
eported  at  this  pump  wavelength**;  using  a  GaAlAs  laser  diode  array,  *6  dB 
power  was  also  shown**,  the  gain  being  limited  by  the  amount  of  power  that 
cr  from  this  pump  laser.  U'i  th  the  development  of  s  i  ng  1  e-t  ran.s  verse  mode, 
s,  more  efficient  pump  coupling  should  be  achieved  and  high-gain  (20  dB)  operation 
b“  possible.  In  addition,  the  ESA  effect  can  be  reduced  through  a  proper  choice 
2,  AlaOp  that  are  used  as  index-raising  components.  Further,  other  types  of 
riat*.  glasses,  for  which  tin-  ESA  effect  is  lesser  than  that  of  silica  glass23, 
lutions.  Finally,  another  possibility  is  offered  by  sensitization  of  Er: glass 
ions  can  then  be  pumped  between  800  nm  and  840  nm ,  far  from  the  ESA  bands 
c  excited  through  Yb  -  Er  resonant  energy  transfer.  Efficient  Yb-sens i t i zed 
20  nm  have  been  realize  d  *  ^  a  n  d  may  be  attractive  for  traveling-wave  amp  1 i f i cat i on . 


report e  >  r*.*c 
ten  r  h»-  gain  is 


a  color  cent. 
'  wave  ]  engt.h 


mV  > ,  room 
1  v ^ 4 ,  and 
1  nm J  near 
*ni. er  •  h.an 
•e  to  date: 


d  B  with  14 
•  r  tuned  at. 
.-called  VI 


! «.  »ie.t tliciL  u.t  •  able  lo  ia^ei-diode  pumping  are  6  3  3  nm,  480  nm  and 
temperature  operation  of  AlGalnP  visible  laser  diodes  with  667  nm  wavelength 
may  soon  be  suitable  laser  pump  sources.  The  choice  of  near-infrared  pump 
the  signal  wavelength  makes  possible  single  transverse-mode  pump  operation, 
in  the  muitimoded  cast>4l\  The  480  nm  pump  band,  where  no  ESA  exists,  has 
a  *24  dB  gain  was  obtained  for  ]]  roW  launched  pump,  cor respond i ng  to  a 
n  comparison,  the  gain  coefficients  reported  at  other  pump  wavelengths 
inallv,  the  1.44  urn  wavelength  also  represents  a  possibility  for  laser  diode 
mV  absorb* d  pump  power  was  recently  demonstrated  in  an  Er  fiber  amplifier 
1.44  pm*^.  The  cw  powers  in  excess  of  100  mV  that  have  been  achieved  at 
PS  semiconductor  lasers^*,  could  raise  this  gain  result  by  an  order  of 


ig  (  he  b. 
i  A  1  2  • > 


he  r 

s  •  •  n  t  e  d 


t  characteristic  curve  of  an  F.r-doped  fiber  amplifier  is  shown  in  Fig 
obtained  with  lm  fiber  length  and  225  mW  launched  pump  power  at 
gain  reported  with  \  670  nm  ’  '  .  The  Ei*20'j  concentration  in  the  fib 

i  both  as  an  index-raising  co-dopant  and  a  rare-earth  glass  solvent, 
results  with  514.5  nm  pump24,2.)  :  iin  be  attributed  to  optimized  fiber 
to  'he  reduced  pump  ESA  observed  i n  aluminosilicate  hriglass*^.  Kurt 
h  this  t vpe  of  fiber,  as  well  as  a  comparison  with  theory  will  be  pro 
the  experimental  data,  as  shown  by  the  solid  lines  in  Fig.  1,  could 
r  oration  power  28(3  pW  and  the  assumption  of  a  homogeneous  gain 

CT.ooui  gain  saturation  behavior  of  the  F.r-doped  fiber  amplifier  was 
ind  is  consistent  with  tlv  large  Stark-splitting  effect  of  the  two  e 
t.  laser  transit,  on  *  ' . 


•  utpu’  pow.-r  •:  ha  rac  t  •*  r  i  st  i-  s  ■  >  f  both  i  .  T’  i.m  semiconductor  amplifiers  and  Kr-tiber 
Ligur*-  4.  Tie1  *ipen  triangi'-s  »*  orrespond  to  results  pertaining  to  Fr-f  iber  amplitiors, 
•pin-S'Cit  results  report'd  tor  f  ra  ve  1  i  ng-vave  or  near  traveling-wave  semiconductor 
r-  shuws  r  1  ;i  •-  Er-f  L  be  r  amp  i  if  i«-rs  have  gain/saturaf  ion  power  character]  sf  ies  'hat 
ling-wav*-  r  n*  ar  t  ra  vf  1  i  ng-vn  ve  serni  r  cminc t  •  >  *-  amplifier-''.  This  is  expected  since 
b-vei  i<- d  fiber  ere  Is  are  a  1  wavs  us  in  th'-  Er-f  i  her  amplifiers  in  order  to 
-v  r'-'-.a  rk  lb  i  f.  l.af  >  hes«*  simp  I**  techniques  for  suppress  i  ng  f  c  i  .*  u  k  ir*’ 
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equivalent  to  best  anti-reflection  coatings  on  semiconductor  devices.  The  figure  also  shows  that  in  the 
high  saturation  output  power  regime  (i.e.  +  5  dBm  to  +10  dBm),  the  fiber  gains  are  usually  higher 
(i.e.  *6  dB  to  8  dB)  than  semiconductor  gains. 

The  noise  properties  of  Er-doped  fiber  amplifiers  have  been  investigated  by  a  few  authors  through 
measurements  of  signal-to-noise  ratio  and  bit  error  rates  (BER).  Digital  signal  transmission  experiments 
utilizing  Er-fiber  amplifiers  were  performed  at  rates  of  140  Mb i t /s2° • ^0 » 32  and  Up  to  2  Gbit/s25»42, 

As  a  whole,  these  early  experiments  demonstrated  the  low-noise  capability  of  Er-fiber  amplifiers,  as 
well  as  the  possibility  of  their  application  as  signal  boosters  or  preamplifiers  for  improved  signal 
detection  in  actual  digital  transmission  systems.  Figures  5  and  6  show  results  reported  at  2  Gbit/s 
with  a  llm-long  Er-fiber  amplifier  pumped  at  514.5  nm25.  Comparison  of  the  input  and  output  bit 
sequences  of  the  fiber  amplifier  (gain  =  +15  dB)  in  Fig.  5(a),  as  well  as  the  corresponding  output 
eye  diagram  (Fig.  5(b)),  show  the  gain  linearity  and  the  immunity  to  intersymbol  interference  and 
patterning  effects.  Figure  6  shows  a  series  of  BER  curves  as  a  function  of  detected  signal  power, 
corresponding  to  different  input  signal  powers.  A  PER  of  10_9  was  achieved  with  -27  dBm  signal  input  (and 
with  -30  dBm  signal  input  with  noise  filtering),  which  represented  a  +3  dB  (resp.  +6  dB)  improvement  in 
receiver  sens i t ivi ty2 5 .  Further  experiments  have  yet  to  be  done  in  order  to  assess  whether  fundamental 
differences  in  noise  properties  exist  between  Er-fiber  amplifiers  and  semiconductor  devices.  Crosstalk 
effects  in  Er-fiber  multichannel  amplification  are  under  investigation^^,  and  are  expected  to  exhibit 
qualitative  differences  with  semiconductor  amplifiers,  due  to  the  nature  of  the  laser  systems  involved. 

It  is  clear  however,  that  the  Er-fiber  amplifier  is  well-suited  for  wavelength  division  multiplexed  (WDM) 
communications,  owing  to  its  large  (2500  GHz)  gain  bandwidth25 , 28 , 42 # 

An  important  advantage  for  the  fiber  amplifier  is  its  insensitivity  to  signal  polarization.  The  gain  in 
semiconductor  amplifiers  is  known  to  be  polarization-sensitive,  due  to  a  finite  ratio  of  confinement  factor 
of  the  TE  and  TM  polarization  modes^.  However,  there  are  alternative  means  to  reduce  this  effect,  for 
instance  by  increasing  the  active  layer  thickness^,  at  the  expense  of  the  amplifier  gain,  or  by  using  a 
Faraday  rotator52?  which  introduces  some  excess  loss  penalty.  In  the  case  of  Er-fiber  amplifiers,  however, 
the  gain  was  found  to  be  intrinsically  polarization-insensitive^,  even  for  fiber  lengths  as  short  as  lm^. 
This  property  can  be  attributed  to  both  the  cylindrical  fiber  geometry  (for  which  the  TE  and  TM  transverse 
modes  are  degenerate),  and  to  an  intrinsically  isotropic  laser  gain.  This  last  property  is  observed  at 
least  in  the  highly  multimoded  pump  regime.  Linearly  polarized  pumping  may  result  in  some  amount  of 
polarization  sensitivity,  owing  to  possible  cross-section  anisotopv  in  the  Errglass,  and  this  point  is 
currently  under  investigation.  Another  advantage  of  fiber  amplifiers  is  the  low  insertion  loss  penalty. 

The  f iber-to-f iber  insertion  loss  penalty  is  typically  10  dB  for  semiconductor  amplifiers  coupled  with  either 
microscope  objectives  or  tapered  fiber  micro  1 enses^S ,  50 , 53 , 54 .  a  lower  bound  of  6  dB  for  the  fiber-to- 
semiconductor-to  fiber  coupling  loss^O  seems  to  be  a  fundamental  limit  imposed  by  the  differences  in 
transverse  mode  geometries.  In  the  case  of  the  fiber  amplifier,  where  the  fiber  mode  size  is  1.5  pm  may 
differ  somewhat  from  that  of  standard  communication  fibers,  we  evaluate  this  overall  coupling  loss  to  be 
of  the  order  of  0.5  dB,  owing  to  the  good  mode  matching  that  can  be  achieved  between  standard  fibers  and 
the  fiber  amplifier  types.  Note  that  some  additional  excess  loss  (of  similar  magnitude)  will  be 
necessarity  introduced  by  fiber  splices  and  by  the  multiplexer  coupler  used  to  combine  the  pump  with  the 
s igna 1  . 

In  conclusion,  we  have  shown  that  fiber  amplifiers  constitute  an  important  and  attractive  alternative 
to  semiconductor  amplifiers.  Indeed,  keeping  the  focus  on  1.5  pm  erbium-doped  fiber  amplifiers,  which  seem 
at  present  to  be  the  most  amenable  to  practical  laser  diode  pumping  operation,  their  advantages  reside 
in  the  simplified  device  manufacturing,  in  the  possibility  of  low  insertion  loss  in  fiber  systems  and  in 
intrinsic,  polarization  insensitivity.  A  drawback  is  that  rare-earth-doped  fiber  amplifiers  are  not 
available  at  present  at  the  d  i  spe r s ion- f ree  1.3  pm  wavelength,  in  use  in  most  fiber  communication  systems. 
Further,  their  optical  pumping  requires  the  use  of  high-power  laser  diodes,  whose  long-term  reliability  is 
still  uncertain.  Roth  long-haul,  point-to-point  optical  communications  and  fiber  local  area  networks  at 
1.5  pm  are  potential  applications  for  Er-doped  fiber  amplifiers. 
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TW  or  TW  semiconductor  amplifiers:  (■)  Saitoh  et  al.^5,  (•)  Simon  et  a  1  .  ^  _  (A)  Eisenstein  et  al.^*7 
(•>  Olsson  et  al.^8;  Fabrv-Perot  semiconductor  amplifiers:  (O)  Mukai  et  a  1 . ^ _  (©)  O'Mahony  et  al 
(A)  Oberg  et  a  1  .  ’ *  . 
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Ftgure  5  -  Signal  amplification  experiment  at  2  Gbit/s  in  an  Er-doped  fiber  amplifier:  (a)  oscilloscope 
traces  showing  input  and  output  ASK  bit  sequence  (Hor.  scale:  Ins/div);  (b)  eye  diagram 
of  output  signal  (Hor.  scale  200  ps/div,  arbitrary  vertical  scales).  The  pump  wavelength 
was  51^.5  nm  and  the  gain  1  5  dB  (after  ref.  [25]). 
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ULTRAFAST  NONLINEARITIES  IN  OPTICAL  FIBRES 


J.R.  Taylor 

Femtosecond  Optics  Group,  Physics  Department 
Imperial  College 
Prince  Consort  Road 
London  SW7  2BZ 
England 


Abstract 


Several  schemes  for  the  generation  of  ultrashort  pulses  using  nonlinear  processes  in  optical  fibres  are 
described.  These  include  the  pulse  compression  mechanism  of  high  order  solitons,  essentially  at  a  fixed 
wavelength  and  the  generation  of  frequency  tunable  femtosecond  pulses  using  soliton-Raman  shaping  mechanisms. 
Both  single  pass  and  oscillator  arrangements  are  described,  while  in  the  normal  dispersion  regime  a  disper¬ 
sion  compensated  fibre  Raman  ring  laser  was  used  which  was  capable  of  generating  picosecond  pulses  for 
soli  ton  studies. 

Ultrashort  pulse  generation  from  high  order  solitons 


In  1973  Hasegawa  theoretically  proposed  [1]  that  the  balance  between  self-phase  modulation  broadening 
and  group  velocity  dispersion  compression  in  the  region  of  anomalous  dispersion  in  a  low-loss  optical  fibre 
led  to  the  evolution  of  self-sustaining  propagating  pulses,  the  so-called  solitons  [2]-[4].  Higher  order 
solitons  than  the  fundamental  are  self-maintaining  in  the  sense  that  their  pulse  shapes  are  periodic  with 
fibre  length  on  propagation,  for  a  particular  power,  despite  the  fact  that  they  undergo  a  series  of  narrowing 
and  splitting  on  passage.  In  1980  [5]  the  first  experimental  observations  were  made  of  the  pulse  compression 
and  splitting  nature  of  the  soliton  effects  in  a  single-mode  optical  fibre.  In  that  work,  observations  of 
solitons  of  N<;  4  were  reported.  Pulse  restoration  at  the  soliton  period  was  first  demonstrated  by  Stolen  et 
al  [6]  using  the  same  colour  centre  laser  source.  Extreme  picosecond  pulse  narrowing  was  subsequently 
ceported  by  Mollenauer  et  al  [7]  through  the  generation  of  higher-order  solitons  (N>4),  and  results  on 
splitting  of  the  initial  7ps  pulses  from  their  colour  centre  laser  were  presented. 

The  availability  of  dispersion-shifted  optical  fibres  [8]  enables  soliton  generation  and  compression 
studies  to  be  carried  out  in  the  1.3>im  region  as  well  as  at  the  previously  investigated  1.55/im  wavelength. 
Recently,  in  a  scheme  similar  to  that  reported  here  [9],  a  compressed  c.w.  mode-locked  Nd:YAG  laser  genera¬ 
ting  2ps  pulses  was  used  to  produce  pulses  as  shoct  as  90fs  through  a  high-order  soliton  (N=7)  effect  at 
1.32um  in  a  single-mode  optical  fibre. 

It  has  been  shown  that  tne  minimum  pulse  duration  achieved  during  the  "breathing"  of  a  multisoliton  is 
approximately  given  by  min=~C0(4. 1N)~1  where  Ti0  is  the  input  pulse  width  and  N  the  order  of  soliton. 
Clearly  tne  lowest  pulse  durations  are  achieved  with  minimum  input  pulses  and  the  highest  soliton  number  and 
hence  the  highest  powers  possible. 

The  experimental  scheme  is  shown  in  Figure  1.  A  c.w.  mode-locked  Nd:YAG  laser  was  used  as  the  initial 
source  of  90ps  pulses  at  100MHz  repetition  rate  with  an  average  power  of  1.8W,  corresponding  to  a  peak  power 
of  200W.  The  pulses  were  optically  compressed  by  means  of  an  optical  fibre-grating  pair  pulse  compressor 
[10].  It  is  sufficient  to  mention  here  that  for  800mW  coupled  into  200m  of  fibre  (dispersion  minimum  around 
1.5/im)  and  a  2.5m  overall  grating  separation,  pulses  as  short  as  l.lps  (assuming  sech2  pulse  shape)  were 
derived.  The  compressed  pulses  had  an  average  output  power  of  550mW,  corresponding  to  a  peak  pulse  power  of 
5kw.  These  pulses  were  then  coupled  into  a  piece  of  single  mode  fibre  40m  long,  with  zero  dispersion  at 
1.27^um,  an  effective  core  area  of  96>im2  and  a  dispersion  value  D=-5ps  nm'^km'l  at  1.32,4m,  while  the  loss 
was  <0. 5dB  km--'-  at  1.32,um.  A  maximum  average  power  of  up  to  170mW  was  coupled  into  this  second  fibre,  which 
corresponded  to  1.6kw  peak  power.  Temporal  measurements  were  made  by  means  of  a  second-order  autocorrelation 
technique  in  the  background- free  configuration,  using  a  <100 ,4m  thick  LiIC>3  angle-tuning  crystal  which  gave  a 
resolution  of  better  than  lOfs.  A  0.25m  scanning  spectrograph  in  conjunction  with  a  Ge  photodetector  was 
used  to  simultaneously  record  the  pulse  spectra. 


Figure  1. 
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The  sc  Li  ton  period  Zg  [2]  foe  che  fibre  parameters  and  pulse-duration  listed  above  was  approximately 
152m  and  cne  fundamental  soli ton  power  8.2K.  For  peak  powers  up  to  1.6kw  coupled  into  the  fibce,  a  soliton 
number  x-14  is  predicted,  corresponding  to  a  theoretically  predicted  [7]  compression  factor  (X/"£0)  of  57  at 
the  point  of  first  optimal  narrowing. 

As  observed  previously,  che  experimental  compression  ratio  for  a  given  soliton  number  agreed  quite  well 
with  theoretically  predicted  results  ill).  However,  the  position  for  the  optimal  narrowing  length  disagreed 
by  a  factor  of  2.75  [11].  The  optimal  fibre  length  was  determined  empirically  in  a  fibre-cut  back  process. 
Autocorrelations  of  the  pulse  profiles  on  exit  from  the  second  fibre  were  recorded  as  the  fibre  length  Z  was 
varied.  The  same  rapid  soliton-formation  process  in  the  initial  few  metres  of  the  fibce  was  observed  [11]. 
However,  for  the  situation  described  above  the  optimum  length  was  found  to  be  11m  and  pulses  as  short  as  18fs 
,see  Figure  2!  were  generated  using  this  fibce  length,  corresponding  to  a  measured  compression  factor  of 
times  sixty. 
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As  can  be  seen  from  Figuce  2,  the  soliton  pulses  were  situated  on  the  top  of  a  broad  pedestal  lasting 
1 . 7ps  and  accounting  for  69%  of  the  total  energy.  This  resulted  in  the  peak  powers  of  the  18fs  soliton 
pulses  being  29.3k>\.  At  l.Szjum,  a  pulse  of  18fs  corresponds  to  four  optical  cycles.  However,  although 
ultrashort  pulses  even  with  reduced  pedestals  can  be  generated  [12],  the  wavelength  of  the  radiation  is 
basically  fixeo  to  that  of  the  input  pulse.  For  many  applications,  frequency  tunable  sources  of  ultrashort 
pulses  are  preferable  and  methods  of  generating  these  are  described  below. 

Single  pass  sol icon-Raman  generation 

For  relatively  long  picosecond  pulses  propagating  in  moderate  lengths  of  single-mode  optical  fibre, 
stimulated  Raman  scattering  is  a  dominant  loss  mechanism,  with  Stokes  frequencies  being  generated  with  hiqh 
conversion  efficiencies.  For  silica-based  fibres,  the  peak  of  the  broad  Raman-gain  band  is  around  440cm‘u 
[12],  but  large  Raman  gain  is  possible  for  substantially  smaller  frequency  shifts.  The  high  Raman  gain  has 
led  to  the  fabrication  of  fibre-Raman  laser  systems  [13],  whicn,  owing  to  the  relatively  large  gain  bandwidth 
of  the  Raman  process,  were  recently  shown  to  generate  subpicosecond  pulses  in  a  dispersion-compensated  fibre- 
Saman  oscillator  operating  in  the  region  of  positive  group-velocity  dispersion  [14],  and  a  similar  system 
will  be  described  below.  For  standard  silica-based  fibre,  the  dispersion  minimum  wavelength  '"k0  is  in  the 
region  of  1.32/im.  Therefore,  for  a  pump  or  incident  laser  wavelength  in  the  region  of  the  dispersion 
minimum,  the  generated  Raman  signal  will  be  in  a  regime  of  negative  or  anomalous  group-velocity  dispersion. 
Vysloukh  and  Serkin  [15]  and  Dianov  et  al  [16]  first  indicated  that  this  could  give  rise  to  self-compression 
of  the  amplified  Raman  component  through  a  soli ton-compress ion  mechanism.  This  was  subsequently  demonstrated 
m  the  fibre-Raman  amplification  soliton  laser  by  Islam  et  al  [17];  the  pump  and  Raman  wavelengths,  which 
were  in  the  normal  and  anomalous  dispersion  regimes,  respectively,  straddled  the  dispersion  minimum  such  that 
both  components  effectively  peepagated  with  nearly  equal  group  velocities.  The  pump  wavelength  was  provided 
from  a  tunable  colour-centre  laser,  and,  with  proper  cavity  adjustment,  the  laser  generated  powers  of  approxi¬ 
mately  lmW  in  pulses  of  250fsec  duration.  Zysset  et  al  [18]  have  shown,  in  a  single-pass  arrangement  using 
lpsec  pulses  from  a  frequency-tunable  dye  laser,  that  Raman  pulses  as  short  as  160fsec  can  be  generated.  In 
a  ring  resonator  they  obtained  peak  powers  of  2kw  in  80fsec  pulses. 

However,  obtaining  frequency  tunable,  soliton  pulses  with  durations  in  the  regime  of  lOOfs  can  be 
s impi i f ied ,  through  the  use  of  a  single  pass  generation  technique.  The  basic  experimental  arrangement 
consisted  of  a  c.w.  pumped  actively  mode  locked  Nd: YAG  laser,  operating  at  1.32jum,  generating  90ps  pulses 
with  an  average  power  of  ~  1.8W,  at  a  pulse  repetition  rate  of  100MHz.  The  pump  radiation  was  coupled  in 
various  lengths  of  single  mode  optical  fibre,  and  the  output  was  examined  both  spectrally  and  temporally 
with  resolutions  of  O.lnm  and  20fsec  respectively.  Single  mode  optical  fibres  with  various  physical  para¬ 
meters  were  investigated.  However,  initial  results  were  taken  with  a  standard,  single  mode  in  the  region  of 
1.31^1(111  non  polarization  preserving  fibre,  with  a  7yu,m  core  diameter  and  a  <ldB/km  loss  at  1.32^lm. 

Streak  camera  records  revealed  that  the  transmitted  pump  pulse,  at  high  average  pump  powers  exhibited 
severe  pulse  depletion,  to  the  base  line  level,  and  conversion  efficiencies  to  the  broad  band  Raman  signal 
exceeded  60%.  Figure  3  shows  a  typical  spectrum  recorded  for  an  average  pump  power  of  700mW  at  1.32  p(m  in 
200m  of  single  mode  fibre. 
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Figure  3. 


1600  nm 


The  Raman  band  extended  from  just  above  1.32/um  to  1.54/M.m,  centred  around  a  broad  maximum  at  1.41^111 
On  reduction  of  the  pump  power,  the  extent  of  the  long  wavelength  component  of  the  Raman  signal  decreased, 
with  the  maximum  remaining  around  1.41  ^m.  The  feature  at  1.32/wm  corresponded  to  the  fundamental  signal, 
while  that  at  1.295/lm  was  associated  with  the  short  wavelength  component  of  the  modulation  instability  [19] 
To  the  long  wavelength  side  of  the  fundamental,  the  component  of  the  modulation  instability  acts  as  a  seed 
pulse  for  preferential  Raman  gain  and  is  indistringuishable  in  the  broad  Raman  band  of  Figure  3. 

In  the  temporal  domain,  Figure  4  shows  a  typical  background  free  autocorrelation  trace  of  a  210fsec 
pulse  spectrally  selected  from  the  broad  Raman  continuum. 


Figuce  4. 


In  the  region  of  1.4yqm,  a  200fs  pulse  requires  ^  35nm  spectral  bandwidth  to  support  the  pulse.  The 
Raman  continuum  extended  from  1 . 33^um  to  beyond  1 . 5 yum,  celarly  well  in  excess  of  the  required  bandwidth. 
This  is  because  the  total  spectrum  is  not  solely  associated  with  a  single  pulse.  In  fact,  several  single 
solitons  exist  in  the  generated  band.  This  is  clear  from  the  fact  that  it  is  possible  to  generate  tunable 
femtosecond  pulses  simply  by  using  a  spectral  window  to  tune  across  the  output  spectrum,  the  corresponding 
pulses  in  the  time  domain  are  similar  to  that  shown  in  Figure  4  [20,21]. 

For  the  experimental  conditions  described  above,  the  soliton  generation  processes  evolves  from  modula- 
tional  instability  [21,22].  The  gain  process  providing  amplification  to  the  temporal  modulations  gives  rise 
to  compression  and  the  formation  of  several  solitons  randomly  spaced  at  various  wavelengths.  These  solitons 
propagate  with  differing  velocities  giving  rise  to  collisions  and  furtner  spectral  broadening. 

However,  modulational  instability  is  not  a  prerequisite  to  initiate  the  process.  It  is  possible  to 
obtain  similar  single  pass  spectral  and  temporal  behaviour  by  using  a  pump  pulse  in  the  normal  dispersion 
regime.  In  this  case  it  is  pure  Raman  scattering  which  initiates  the  process  [23],  and  under  these  circum¬ 
stances  the  pump  power  levels  to  achieve  threshold  for  continuum  and  ultrashort  pulse  generation  are 
considerably  high  than  for  the  modulation  instability  seeded  case.  In  the  latter,  for  a  3.3km  fibre,  150fs 
fundamental  solitons  can  be  formed  at  an  average  pump  power  of  only  20mW  (lOOps,  pump  pulses  at  1.32^um). 

Fibre-Ring  Soliton  Raman  Laser  Systems 

Following  single  pass  soliton-Raman  Generation,  if  the  Raman  signal  emerging  from  the  fibre  is  directed 
back  to  the  fibre  input  in  synchronism  with  a  fundamental  pump  pulse,  then  where  preferential  amplification 
of  the  reinjected  Raman  signal  is  gceatec  than  the  cavity  losses,  the  establishment  of  laser  oscillation  is 
possible.  Due  to  the  vecy  high  gain  of  the  SRS  process,  fibre  Raman  laser  action  can  be  obtained  at 
relatively  modest  pump  power  levels. 


The  simplest  cavity  configuration  is  that  shown  in  Figure  5.  A  beam  splitter  BS  (100%  at  1.32^km,  <5%R 
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at  1.4  urn)  was  used  to  direct  the  fundamental  pump  pulses  via  a  X20  a.r.  coated  microscope  objective  Ly 
into  the  Raman  active  fibre.  Various  lengths  of  fibre  were  used,  with  the  similar  parameters  to  these  1 
described  above.  At  the  fibre  output,  another  X20  objective  was  used  to  collect  and  collimate  the 
Raman  radiation,  which  after  reflection  off  two  aluminium  coated  mirrors  M,  redirected  the  Raman  signal  via 
the  beam  splitter  BS  into  the  fibre  input  focussing  microscope.  Synchronism  of  the  returning  Raman  signal 
with  the  input  fundamental  pump  pulse  was  achieved  by  adjusting  the  fibre  laser  cavity  length  while 
observing  the  leakage  transmitted  and  reflected  returning  fundamental  radiation  off  BS.  Cavity  length 
adjustment  was  achieved  by  placing  the  fibre  output  end-lens  assimbly  L ^  on  a  translation  stage  with  micron 
precision  drive  control.  Coarse  cavity  adjustment  was  chieved  by  observing  the  temporal  overlap  of  two 
componenets  on  the  synchroscan  streak  camera.  Final  cavity  adjustment  was  then  obtained  by  precision  control 
of  the  cavity  length  while  monitoring  the  output  power  and  soliton-Raman  pulsewidth.  Due  to  the  long  Raman 
interaction  length,  femtosecondsoliton-Raman  laser  action  was  possible  over  a  wide  range  (  cm)  of  cavity 
mismatch.  However,  the  degree  of  the  pedestal  on  the  autocorrelation  traces  was  more  critically  dependent 
on  exact  cavity  match. 
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Figure  5. 


The  operation  of  the  fibre  laser  systems  was  particularly  dependent  on  the  fibre  length,  for  short 
lengths,  modulational  instability  was  the  dominant  single  pass  generation  mechanism  and  on  reinjection  of 
the  single  pass  signal  in  synchronism  with  a  pump  pulse,  the  modulational  instability  acted_^s  a  preferential 
seed  for  Raman  gain,  with  resultant  laser  action  taking  place  in  a  band  separated  by  150cm  from  the  pump 
peak,  instead  of  at  the  peak  of  the  Raman  gain  around  440cflT1-  [24). 


For  substantially  longer  fibre  lengths,  laser  operation  on  the  band  corresponding  to  the  peak  of  the 
Raman  gain  was  observed.  This  is  illustrated  in  the  spectra  of  Figure  6,  which  corresponds  to  a  300m  fibre 
pumped  in  the  single  pass  and  resonator  geometries,  at  an  average  pump  power  of  400mW.  In  single  pass, 
under  these  conditions  a  single  pulse  with  a  pedestal  of  5%  of  the  autocorrelation  intensity  and  duration 
of  lOOfs  can  evolve,  as  described  in  the  first  section.  However,  it  is  the  modulational  instability 
seeded  Raman  gain  process  which  was  responsible  and  operation  was  in  a  broadband  around  1343nm  (see  Figure 
6(a)).  with  feedback,  true  Raman  amplification  centred  around  the  maxima  of  the  gain  (~'440cm-l)  occurred 
with  the  lasing  Raman  band  extending  from  1384nm  to  1420nm,  with  a  half  width  of  25nm,  capable  of  supporting 
80fs  pulses.  Typically  pulses  of  150fs-180fs  were  generated,  with  pedestals  of  5-7%  appearing  on  the 
autocorrelation  traces.  The  threshold  for  oscillation  in  the  ring  geometries  was  <20mW,  and  output  pulses 
with  peak  powers  in  the  kilowatt  regimes  were  generated. 
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Figure  6. 

Cascade  Raman  soli  ton  fibre  lasers 


In  the  positive  group  velocity  dispersion  regime,  the  propagation  of  "long"  picosecond  pulses  in  single 
mode  optical  fibres  can  lead  to  substantial  conversion  efficiencies  into  the  higher  Stokes  orders  through 
the  cascading  process.  However,  in  the  negative  group  velocity  dispersion  regime  the  efficient  generation 
of  ultrashoct  Raman  pulses  through  the  soliton  shaping  mechanism  prohibits  the  higher  order  generation 
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cascade  process,  since  Che  interaction  distance  of  the  femtosecond  pulses  is  prohibitively  short  for  further 
etficient  Raman  generation.  Consequently  a  fibre  with  a  zero  dispersion  wavelength  around  1.3^um  would  not 
allow  effficient  1.5  Um  second  Stokes  generation  from  the  soliton  Raman  pulses  at  1.4yt|m. 

Optimization  of  fibre  design  and  contruction  [8]  permits  the  manufacture  of  single  mode  optical  fibres 
with  specified  zero  dispersion  wavelengths  from  1.27^111  to  1.55jjm.  Consequently  cascade  generation  can  take 
place  in  the  positive  group  velocity  dispersion  regime  and  after  generation  of  the  Stokes  order  above  the 
dispersion  minimum,  the  cascade  will  cease.  In  this  way  broad  tunability  of  the  soliton-Raman  operating  band 
can  be  achieved. 

To  investigate  the  cascade-Raman  soliton  generation  process  the  cavity  configuration  of  Figure  5  was 
used,  with  the  inclusion  of  a  5><m  thick  pellicle  which  acted  as  a  bandwidth  limiting  Fabry  Perot  device  and 
also  permitted  with  coupling  of  radiation  from  the  cavity.  A  600m  length  fibre  was  used,  which  was  single 
mode  at  1 . 32.qm  with  a  7u,m  core  diameter.  In  the  spectral  region  1.2/jm  to  1.65^im  the  loss  was  less  than 
0.6dB/km,  except  around  1.39«m  where  the  loss  due  to  OH  absorptionincreased  to  2dB/km.  The  fibre  had  an 
optimized  structure  for  dispersion  minimum  in  the  region  of  1.46/km,  thus  ensuring  a  positive  group  velocity 
dispersion  of  the  first  Stokes  Raman  band  around  1.4/*m  and  negative  dispersion  for  the  cascaded  second 
Stokes  band  at  1.5/im.  The  dispersive  values  were  5ps/nm  km  and  -2.5ps/nm  km  at  1.4^m  and  1.5^111  respecti¬ 
vely.  A  typical  average  power  coupling  efficiency  through  the  fibre  lens  coupling  system  of  '•'40%  was 
achieved. 

Figure  7  shows  the  output  spectrum  in  the  feedback  ring  geometry.  In  the  single  pass  condition  only  the 
fundamental  F  and  first  Stokes  bands  were  observed  at  the  average  pump  power  level  of  500mW.  Oscillation 
on  the  thicd  Stokes  band  was  only  observed  at  the  highest  pump  power  level  of  550-600mW. 

s,  s. 

4 


F 


Figure  7. 

Autocorrelation  revealed  that  the  second  and  third  Stokes  components  had  durations  of  200fs  and  230fs 
respectively.  In  addition,  the  pedestals  of  the  autocorrelations  were  substantially  reduced.  From  the 
relative  heights  of  the  soliton  part  of  the  pulse  to  the  non  soliton  background  pedestal,  it  was  calculated 
that  approximately  85%  of  the  Raman  energy  was  in  the  soliton  pulse.  The  threshold  for  laser  action  on  the 
S2  band  occurred  for  a  fundamental  pump  power  of  about  150mW  and  for  about  400mW  average  pump  power,  in  an 
optimized  system,  up  to  lOOmW  average  putput  power  in  the  second  Stokes  band  was  obtained.  The  average 
powers  in  the  third  Stokes  bands  were  much  lower  being  around  3-5mW. 

Synchronously  pumped,  dispersion  compensated  fibre  Raman  ring  lasers 

In  the  normal  dispersion  regime,  the  combined  effects  of  self  phase  modulation  and  group  velocity 
dispersion  give  rise  to  temporal  broadening  of  pulses.  As  was  shown  above  with  anomalous  dispersion  the 
fibre  acts  as  a  distributed  compressor  and  a  balance  can  be  achieved  between  the  dispersion  and  the  non¬ 
linearity,  giving  rise  to  solitons  and  pulse  compression.  In  order  to  overcome  the  problem  of  dispersion, 
for  normally  dispersive  fibres  it  is  possible  to  insert  a  negatively  dispertive  delay  line  which  compensates 
for  the  combined  effects  of  the  self  phase  modulation  and  positive  dispersion  and  permits  the  generation 
of  subpicosecond  pulses.  This  was  originally  demonstrated  by  Kafka  et  al  [25]  and  recently  by  Dianov  et  al 
[26],  for  operation  around  l.l^m.  We  describe  a  similar  system  operating  around  1.4yum  which  is  a  simple 
and  potential  source  of  soliton  pulses. 
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Figure  8. 

The  schematic  of  the  synchronously  pumped  intracavity  dispersion  compensated  fibre  Raman  ring  laser  is 
shown  in  Figure  8>  the  c.w.  mode-locked  Nd : YAG  laser  operated  at  1.32/Jm,  generating  lOOps  pulses  at  a  100MHz 
repetition  rate  and  with  an  average  output  power  of~'2.0W  (  200W  peak)  was  used  as  the  pump  source.  The  pump 
radiation  was  directed  towards  the  fibre  input  using  beam  splitter  BS1,  with  reflectivity  nominally  100%  at 
1 . 32^1  m  and  5%  at  1.4_p.m,  for  45°  angle  of  incidence.  A  x20  broad  band  anti-reflection  coated  microscope 
objective  LI  was  used  to  focus  the  pump  radiation  into  the  fibre.  The  fibre  used  was  400m  long,  non¬ 
polarisation  preserving  single  mode  at  1.32>im,  with  a  core  diameter  of  7/im.  In  the  spectral  region 
1.2  Dm  to  1.65jLtm,  the  loss  was  less  than  0.6dB/km,  with  an  exception  in  the  region  of  the  watec  absorption 
1.39^m  where  the  loss  rose  to ~2dB/km.  The  fibre  was  tailored  to  have  its  dispersion  minimum  in  the  region 
of  1. 4614  m  which  ensured  efficient  Raman  generation  and  positive  group  velocity  dispersion  in  the  region  of 
lasing  operation  around  1.4jnm. 

On  exiting  the  fibre,  where  typically  an  overall  power  coupling  of  40%  was  achieved,  the  radiation  was 
collected  and  collimated  with  an  indentical  microscope  objective  (L2)  as  used  at  the  input,  and  directed  via 
aluminium  coated  mirror  Ml  through  a  negatively  dispersive  delay  line,  comprising  a  pair  of  diffraction 
gratings  in  a  single  pass  configuration.  The  gratings  were  of  holographic  type  with  12001/mm  and  approxi¬ 
mately  70%  diffraction  efficiency  at  l^^m  at  75%  angle  of  incidence.  Mirror  M2  directed  the  radiation 
from  the  dispersive  delay  line  through  an  aperture  (which  selectively  defined  the  wavelength  on  interest), 
and  via  beam  splitter  BS1,  back  into  the  input  focusing  microscope  objective.  A  2nm  band  pass  dielectric 
filter  central  at  1.4  ^unprovided  output  coupling  from  this  fibre  ring  oscillator.  By  mounting  the  fibre 
end-lens  L2  assembly  on  a  translation  stage  which  was  driven  with  micron  precision,  synchronism  of  the  fed 
back  Raman  signal  with  the  input  pump  pulse  was  achieved  to  obtain  the  maximum  output  signal. 

For  a  particular  pump  power,  the  grating  separation  and  cavity  length  were  adjusted  for  minimum 
duration  output  pulses.  In  the  experimental  situation  described  here  the  optimum  grating  separation  was  18cm. 
For  grating  separation  of  10%  to  15%  either  longer  or  shorter  than  the  optimum  value,  the  fibre  Raman  ring 
laser  produced  pulses  much  longer  than  the  optimum  duration  of  2.7ps.  The  pump  power  coupled  into  the 
dispersion  shifted  optical  fibre  was  kept  at  an  average  power  of  400mw,  which  is  approximately  the  Raman 
threshold  value  for  this  fib ce  length.  In  the  single  pass  arrangement  no  signal  around  1.4 jum  was  observable. 

Typically  the  average  output  power  of  the  otimized  laser  system  was  20mW,  in  pulses  of  2.7ps,  and  the 
spectral  bandwidth  was  2nm,  determined  by  the  intracavity  filter.  Tuning  could  be  achieved  by  moving  the 
aperture  across  the  intracavity  dispersed  spectrum.  Figure  9  shows  a  typical  autocorrelation  of  a  generated 
pulse  at  1.39,u.m.  It  should  be  possible  through  system  optimization  and  removal  of  the  intra-cavity  band¬ 
width  limiting  device  to  generate  sub-pico-second  pulses  in  this  regime.  However,  the  picosecond  pulses 
generated  with  peak  powers  of  100W  should  find  application  in  studies  of  soliton  propagation  and  semi¬ 
conductor  spectroscopy. 


Figure  9. 
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Abstract 


Laser-induced  dynamic  gratings  in  the  nematic  and  isotropic  phase  of  a  liquid  crystal 
5CB  using  532nm  laser  pulses  are  investigated.  It  is  shown  that  optically  induced  mo¬ 
lecular  r?ori'-'-,4-=<-ion  in  the  nematic  phase  as  well  as  pretransitional  orientation 
(optical  Kerr  effect)  in  the  isotropic  phase  of  a  liquid  crystal  is  possible  in  less 
than  lOOps  if  sufficiently  intense  laser  fields  (=  100mJ/cm2)  are  used.  Experimental 
data  obtained  from  self  diffraction  experiments  agree  well  with  calculations  starting 
from  a  unified  theory  of  molecular  alignment. 


Nonlinear  optical  processes  in  liquid  crystals  have  attracted  strong  attention  becau¬ 
se  of  large  nonlinear  susceptibilities  X^3'  both  in  the  nematic  mesophase  and  the 
isotropic  phase3.  These  nonlinearities  are  approximately  independent  of  wavelength 
over  the  whole  visible  and  near  infrared  region  in  contrast  to  other  materials  with 
large  nonlinearities^ .  in  nematics,  unusually  large  optical  effects  based  on  optical- 
field  induced  molecular  reorientation  have  been  observed  by  using  low  power  cw-laser 
beams3  but  reorientation  will  also  occur  if  short  laser  pulses  are  used,  as  has  been 
demonstrated  with  nanosecond  pulses  recently4. 

The  dominant  contribution  to  the  optical  nonlinearity  in  the  isotropic  phase  comes 
from  the  optical-field  induced  alignment  of  the  anisotropic  molecules,  known  as  pre¬ 
transitional  behaviour  or  the  optical  Kerr  effect5.  This  effect  has  also  been  inve¬ 
stigated  with  nanosecond  laser  pulses,  e.g.  in  degenerate  four-wave  mixing 
experiments6.  The  molecular  orientation  induced  by  stepwise  optical  excitation  is  bu¬ 
ilt  up  to  steady  state  with  a  time  constant  of  some  10  ns  for  the  optical  Kerr  effect 
and  of  some  100  ns  for  molecular  reorientation  processes  in  nematics  (depending  on 
optical  field  strength).  So  the  10  ns  laser  pulse  duration  in  the  previous  short  pul¬ 
se  experiments  4>6  is  smaller  or  comparable  to  the  molecular  orientation  build-up 
time . 

In  the  present  paper  it  is  shown  that  molecular  reorientation  or  field-induced  ali¬ 
gnment  of  molecules  will  also  occur  when  much  shorter  laser  pulses  of  about  80  ps  are 
used.  The  optical  field  needed  for  picosecond  orientation  (=  GW/cm2)  is  somewhat  hig¬ 
her  compared  to  similar  experiments  with  nanosecond  lasers  (=  MW/cm2).  In  our  experi¬ 
ments  we  used  a  two-wave  mixing  arrangement  and  measured  the  self -diffraction  effi¬ 
ciency  of  a  laser  induced  dynamic  grating  corresponding  to  a  transient,  spatially  pe¬ 
riodic  molecular  orientation  in  a  thin  film  of  the  cyanobiphenyl  5CB.  Experiments  ha¬ 
ve  been  done  in  both  the  nematic  and  the  isotropic  phase.  The  spatially  inhomogeneous 
alignment  under  the  influence  of  an  optical  field  can  be  described  by  the  unified 
theory  for  nonequilibrium  phenomena  in  both  the  nematic  an  isotropic  phase  of  a  li¬ 
quid  crystal7.  This  theory  leads  to  the  well-known  Erickson-Leslie  approach  for  the 
nematic  phase,  where  the  dynamics  of  reorientation  are  described  by  a  torque  balance. 
On  the  other  hand,  one  gets  a  similar  equation  for  the  alignment  tensor  in  the  iso¬ 
tropic  phase,  describing  the  dynamics  of  field-induced  molecular  alignment.  Both 
effects,  reorientation  and  alignment,  lead  to  changes  of  the  refractive  index  of  the 
liquid.  Considering  two  incident  linearly  polarized  laser  beams  interfering  in  the 
sample,  the  resulting  intensity  fringes  modulate  the  refractive  index  to  form  a 
phase-grating.  The  self -diffraction  efficiency  of  such  a  thin  phase-grating  is  given 
by8 

n  =  ( Ep/E  i  )  2  =  (  6H'/2  )  2  =  (u  •  d  •  6n/X )  2  (D 

where  6n  denotes  the  amplitude  of  the  index  grating,  d  the  sample  thickness  and  the 
laser  wavelength.  Eq  is  the  optical  field  diffracted  into  the  first  diffraction  order 
from  one  of  the  input  beams,  e.g.  Ei.  For  simplicity  E^  =  E2  is  assumed.  It  should  be 
noted  that  eq.  1  is  valid  only  if  trie  phase  ampliutde  of  the  grating  6lfi<  0,1  which  is 
satisfied  in  our  experiments.  The  amplitude  of  the  laser-induced  index-grating  6n  is 
calculated  in  the  following  for  both  phases. 
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a)  nematic  phase:  Consider  two  laser  beams  incident  on  a  homeotropic  nematic  film  as 
shown  in  Fig.l.  The  dynamics  of  the  molecular  reorientation  angle  ©  following  the  Er- 
icksen  Leslie  approach  is  given  by  ^,9 


3t'  „,3-0  3'0, 

>  yr  -  K  hr- :  +  -5-7) 
n  3 1  3  y  3  z 


-  e  e  E ‘  ( 0cos2 8 
o  a 


1 


sin22  )  =  0 


(2  : 


where  flow  and  inertia  effects  have  been  neglected  and  we  made  the  one-elastic- 
constant  and  the  small  angle  approximation,  sin  0=6  which  is  valid  in  the  following 
wave-mixing  experiments.  K  is  the  elastic  constant,  "Jn  t^e  effective  viscosity  coef¬ 
ficient  and  ea  =  e„  -  ex  the  optical  dielectric  anisotropy  for  perfectly  aligned 
molecules.  8  is  the  reorientation  angle  of  the  director  L  measured  from  initial  ali¬ 
gnment  and  0  denotes  the  anige  between  optical  axis  and  the  initial  alignment.  Expe¬ 
rimentally  0  is  the  angle  of  incidence  (Fig.l).  An  approximate  solution  of  eq.2  under 
hard  boundary  conditions  (0(z=O)=  0(z=d)  =0)  is  ©  =  T(tj  cos(gy)  sin  (zn/d)  where  q 
=  |  k. ~ k-2 1  is  the  wavenumber  of  the  interference  pattern  which  is  assumed  to  vary 
along  the  y-axis.  The  interference  pattern  consists  of  a  contribution  modulated  with 
cos  (gy)  riding  on  a  constant  background  level  which  is  neglected  here.  Neglecting 
higher  Four ier-components  an  equation  for  the  time  dependent  amplitude  T/t\  is  obtai¬ 
ned  (see  ref. 9  for  details) 

t 

T(t)  =  (*n)_1  J  F(t)exp(~(t  "  t 1 ) /t ) dt ’  (3) 

'  '  —co 

where  F(t)  =  ie0ea  E(t)2  sin(23)  and  x  =Yn/{eoea  E2  cos  2£  "  K(q2  +  n2/d2)}.  x  is  a 
time  constant  characterizing  the  build  up  of  the  reorientation  process  in  presence  of 
an  optical  field.  In  our  experiments  e0eaE2cos  23  >>  K(q2  +  rt2/d2)  so 
x  =  Kn/e0e^  E2  cos (23),  i.e.  the  elastic  behaviour  of  a  nematic  does  not  affect  the 
build-up  time  if  sufficiently  high  fields  are  used.  The  reorientation  decay  time  xD 
is  also  given  by  x  setting  E2  =  0  to  give  xD  =}n/'K(g2  +  rx2/d2).  The  orientation  decay 
is  forced  by  the  elastic  torques.  In  our  experiments  e.g.  E  =  10°V/m,  d  =A=  q/2n  = 
30um,  K  =  8  x  10-12  N,  fn  =  °,°1  kg/ms,  ea  =  0,62  result  in  x  =  200  ns  whereas  xD  = 
100  ms. 

The  build-up  of  the  reorientation  angle  0  described  by  eq.3  follows  the  incident 
energy  /E(t)2dt  if  the  pulse  duration  xp<<x  which  is  the  case  in  our  experiments 
with  picosecond  optical  fields  Ejtj.  The  time  constant  x  plays  no  role  in  this  case. 
The  amplitude  T(^)  reaches  a  maximum  at  the  end  of  the  excitation  pulse  t  =  xp  and 
decays  exponentially  with  the  relaxation  time  xD  for  t  >  xp  if  a  square  excitation 
pulse  is  assumed  so  that  E(tj  =  E  =  const,  during  the  pulse  duration.  For  this  case 
the  amplitude  0max  of  the  reorientation  grating  in  the  center  of  the  sample  at  the 
end  of  the  laserpulse  is  obtained  by  integrating  eq.  3  to  give 


Qmax  2  yn 


tet 
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The  change  of  the  refractive  index  6n  for  a  given  small  angle  0  is  6n  =  J2  n^nj^Eg  0 
sin  (23)  where  nx  =  and  n|(=  VF|(  so  that  the  amplitude  of  the  index  grating  at  the 
end  of  the  incident  laser  pulse  becomes 


6n  =  (/2/tt  )  e  e  n 
max  o  a  x 


-2 


Yn_1E2 


lin (28) 


(5) 


Substituting  eq.5  into  eq.l  gives  the  self-dif fraction  efficiency  for  the  laser  indu¬ 
ced  phase-grating  as  a  function  of  laser  intensity  and  the  angle  of  incidence  3.  Some 
corrections  have  to  be  taken  into  account  for  comparisons  with  experiments,  e.g.  one 
has  to  integrate  eq.l  over  time  if  the  diffracted  energy  is  detected  in  a  self¬ 
diffraction  experiment  (see  ref. 10  for  details). 

b)  isotropic  phase:  Ordering  in  molecular  orientation  for  the  isotropic  phase  of  ne¬ 
matics  can  be  described7  by  an  alignment  tensor  a^  which  is  a  traceless  symmetric 
tensor  associated  with  the  anisotropy  of  physical  properties,  e.g.  with  optical  an¬ 
isotropy 


where  e  =  l/3v£evv  is  the  isotropic  part  of  the  dielectric  tensor,  ea  =  eu  -  e_,_  the 
anisotropy  for  perfectly  aligned  molecules  and  6yv  the_Delta-Kronecker  symbol.  The 
birefrigence  induced  by  ordering  is  6n^v  =  i(euV-  Suve)/n  =  |ea  auy/n  where  fi  is  the 
refractive  index  of  the  isotropic  liquid.  The  components  of  the  alignment  tensor  auy 
under  the  influence  of  an  optical  field  are  calculated  from  a  differential  equation 
similar  to  eq.2 
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where  xd  is  a  "naked"  relaxation  time,  la  the  correlation  length,  k  the  Boltzmann- 
constant,  T  the  temperature,  N  the  number  density  and  A  =  A0(l-T*/T)  where  AQ  and  T* 
are  constants.  The  term  with  can  be  neglected  in  our  experiments,  because  typi¬ 
cal  grating-constants  are  in  the  magnitude  of  um  whereas  the  correlation  length  la  is 
of  molecular  dimensions.  So  eg. 7  reduces  to 


9auv  1  _  Fuv(t) 

3t  t  MV  "  y. 


(8  ) 


where  t  =  ta/A  is  the  effective  relaxation  time,  =  x^NkT  the  effective  viscosity 
and  F^y  =  £UEV  -  6l(JyE  the  optical  field  tensor.  The^solution  of  eg.  8  is  a  convolution 
integral  similar  to  eg. 3.  In  our  experiments  E  =  E-ex  and  alignment  occurs  only  in  x- 
directior..  So  the  amplitude  of  the  induced  birefrigence  grating  at  the  end  of  the  la¬ 
ser  pulse  becomes 


6n  --  e  e; 
max  o 


(6nTj  )  _  1 


Egs.  (9)  and  (5)  predict  that  in  both  phases  of  a  liguid  crystal  optical  nonlineari¬ 
ties  will  occur  instantly  with  the  optical  field  if  picosecond  pulses  are  used.  The 
amplitude_of  the  induced  index  grating  as  given  in  eg.(5)_and  eg. (9)  is  in  the  order 
of  6n=10-:)  using  standard  values  like  nj_=  1.5,  nt|-  1.7,  n  =  1.6,  =  0,001  kg/ms  and 
E  =  10^V/m,  tp=  lOOps.  So  self-dif fraction  effects  should  be  observable  in  dynamic 
grating  experiments  with  ultrashort  laserpulses. 

The  experimental  arranaement  is  schematically  depicted  in  Fig.l.  A  mode-locked  Nd:YAG 
laser  with  pulse  selection  emits  a  sinale  linearly  polarized  pulse  which  is  amplified 
and  freguency  doubled,  so  that  green  (532nm),  80ps  FWHM  laser  pulses  with  energies  up 
to  6mJ  per  pulse  are  obtained.  Symmetrical  splitting  mirrors  M  produce  two  beams 
which  are  slightly  focused  onto  the  sample  to  form  an  intensity-grating.  The  angle 
beeween  the  two  beams  is  1  deg  and  the  focused  spot  size  is  about  0.75mm  (e~2 
-diameter).  Homeotropic  alignment  of  the  nematic  5CB  is  used  in  films  of  30um 
thickness,  kept  at  constant  temperatures  of  25°C  and  40°C  for  the  isotropic  phase.  3 
is  varied  from  0  to  40  deg.  The  input  energy  and  the  first  order  diffracted  energy 
are  detected  by  calibrated  Si -photodiodes .  We  first  measured  the  diffraction  effi¬ 
ciency  depending  on  input  energy.  The  results  are  shown  in  Fig. 2  for  the  nematic  and 
for  the  isotropic  phase,  exhibiting  a  nearly  guadratic  dependence  as  described  by 
eq.l  combined  with  eg. 5  or  eg. 9.  Sample  damage  occurs  at  high  energies  w;n  of  about 
5mJ.  For  the  isotropic  phase  the  input  energy  has  to  be  limited  further  because  of 
the  appearance  of  additional  defocusing  effects  at  W^n  >  2mJ  leading  to  ring  structu¬ 
res  in  every  diffracted  beam  behind  the  sample  as  reported  recently  for  similar  expe¬ 
riments  in  silicon^ .  To  compare  theoretical  values  and  measured  values  we  fitted  the 
effective  viscosity  coefficients  to  n=  0,015  kg/ms  for  nematic  5CB  which  agrees 
well  with  measured  comparable  flow-viscosities  in  cyanabiphenyls1^  and  Y  0,003 
kg/ms  for  isotropic  5CB  which  is  3  times  smaller  than  measured  viscosities  for  the 
optical  Kerr  effect  with  ns-laserpulses® .  However  this  determination^  of  the  viscosi¬ 
ty  is  more  indirect  because  is  calculated  from  the  measured  parameters  t  and  A. 


The  evaluation  of  Ky  from  eg.(l)  and  (9)  is  possible  only  if  no  additional  nonlinear 
effects,  e.g.  deformation  of  the  electronic  cloud  of  the  molecules,  are  present.  Such 
effects  are  not  considered  in  our  model.  Using  nanonsecond  pulses,  electronic  nonli¬ 
nearities  play  no  significant  role  at  least  near  the  clearing  point^.  However,  in  our 
experiments,  electronic  nonlinearities  may  be  more  important  than  in  experiments  with 
nanosecond  laserpulses  because  of  higher  optical  fields  using  picosecond  pulses.  As  a 
further  proof  of  the  molecular  reorientation  model  describing  the  observed  self¬ 
diffraction  nonlinearity,  the  diffracted  energy  was  measured  in  dependence  of  the  an¬ 
gle  of  incidence  3. 


The  diffraction  efficiency  depending  on  3  is  shown  in  Fig. 3  for  both  phases.  As  pre¬ 
dicted  by  eg.l  and  eg. 5  the  nematic  diffraction  efficiency  varies  as  sin‘M23)  whereas 
there  is  no  dependence  on  3  in  the  isotropic  phase.  It  should  be  noted  that  even  with 
3=0  deg  (normal  incidence)  we  get  a  weak  diffracted  signal  with  the  nematic  sample 
in  contrast  to  eq.5.  This  can  be  explained  by  fluctuations  n  the  initial  alignment 
or  other  grating  effects.  Beside  of  electronic  nonlinearities  finite  absorption  and 
temperature  grating  effects  are  also  possible.  However,  it  is  well-known  that  cyano- 
biphenyls  absorb  very  little  in  the  green  and  observation  of  detectable  temperature 
effects  is  only  possible  with  additional  dyes  to  enhance  the  absorption-^ . 
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The  agreement  between  the  experimental  and  theoretical  dependence  of  the  diffraction 
efficiency  on  the  angle  of  incidence  for  the  nematic  phase  strongly  supports  our  as¬ 
sumption  that  the  observed  self-dif fraction  effects  are  due  to  molecular  orientation. 

In  conclusion,  strong  optical  nonlinearities  in  a  picosecond  self-diffraction  experi¬ 
ment  associated  with  optically  induced  orientation  processes  in  the  nematic  and  the 
isotropic  phase  of  a  liquid  crystal  have  been  observed  for  the  first  time.  It  has 
been  shown  that  the  theoretical  orientation  build-up  times  of  more  than  10ns  do  not 
preclude  molecular  orientation  by  picosecond  pulses.  Comparing  the  induced  nonlinea¬ 
rities  for  both  phases,  the  main  difference  is  given  by  a  strong  dependence  on  the 
angle  between  the  optical  field  and  the  director  in  the  nematic  phase  and  in  somewhat 
different  effective  'densities.  The  measured  self -diffraction  efficiencies  are  in 
good  agreement  with  theoretical  expectations.  Financial  support  from  the  Deutsche 
Forschungsgemeinschaf t  is  gratefully  acknowledged.  The  liquid  crystals  were  kindly 
supplied  by  BdH  Chemicals  and  Hoffmann  LaRoche.  We  thank  Prof.  G.  Heppke  and  Prof.  S. 
Hess  for  helpful  discussions  and  M.  Glotz  for  build  up  the  laser  system. 
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Diffraction  efficiency  vs.  angle  of  incidence  3  measured  with  nematic  and 
isotropic  5CB  at  Win=0,54mJ. 
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A  theoretical  study  of  the  nonlinear  polarization  in  a 
molecular  r.eilur  is  presented.  The  medium  is  described  by 
a r.  ensemble  of  two-level  systems  and  is  subject  to  rota¬ 
tional  diffusion.  The  model  is  valid  far  or  near  reso¬ 
nance,  as  well.  It  is  only  assumed  that  time  variation  of 
the  field  envelopes  and  rotational  diffusion  constant  are 
much  smaller  than  the  transverse  decay  rate  r  ^  •  The  non¬ 
linear  polarization  is  expressed  as  a  function  of  the 
field  polarizations.  The  results  are  applied  to  a  four- 
wave  mixing  experiment  to  discuss  the  influence  of  the 
rotational  diffusion.  *e  evaluate  the  contribution  of  the 
population  and  orientational  gratings.  Their  influence  is 
•  i  i 4 e  u seed . 


I.  Introduction 
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,  x  ;  r.  g  has  been  used  extensively  these  last  few  years.  From  the  large  number 
processes  attainable  by  this  type  of  spectroscopy,  generation  of 
-  i  signals  has  been  successfully  used  in  many  works  [!]•  The  particular  case 
o u r-wave  mixing  is  of  great  interest  for  data  processing  [2]  and  spec  tros- 
effects  of  field  polarizations  are  relevant  to  select  different  types  of 

ire  of  particular  interest  to  prevent  the  build-up  of  a  thermally  induced 
•  :  r.  g  to  measure  resonant  susceptibilities  M-  On  the  other  hand,  the  physical 

r- que.n  t.  i  y  used  to  discuss  four-wave  mixing  experiments  introduces  the  concept  of 
;  -.hat  is,  two  beams  create  a  grating  of  population  and  /or  orientation,  while  the 
-  interacts  with  the  grating,  giving  rise  to  a  diffracted  beam.  Of  course,  these 
dependent  on  the  field  polarizations.  For  molecular  media  in  liquid  phase, 
ini  gratings  can  be  affected  by  rotational  diffusion.  Theoretical  descriptions  of 
or. -li  gratings  in  picosecond  exci  ta  t  i  on-probe  experiments  have  teen  already  made  by 
a  u  t  h  o  r  s  [5,6],  Recently  Wherrett  et  a  1  .  [7]  gave  a  theoretical  description  of 

four-wave  mixing  including  rotational  diffusion  in  molecular  media.  Later  on, 
i  ■=■  J  their  results  to  an  exc  i  ta  t  i  on -probe  experiment. 

in  goal  cf  the  present  work  is  to  give  a  comprehensive  and  general  description  of 
i z  a  t i o  n  effects  in  four-wave  mixing.  To  this  end,  and  taking  advantage  of  the 

developed  by  iherrett  et  a  1 .  ,  we  introduce  a  phenomenological  diffusion  term  into 
t  y  matrix  equations  of  the  material  system  and  fields.  Next,  we  calculate  the 
xpression  of  the  third  order  term  of  the  density  matrix  assuming  that  time 
of  the  pulse  envelope  and  rotational  diffusion  constant  are  much  smaller  than  the 
e  decay  rate  P  , .  All  along,  we  do  not  introduce  the  rotating-wave  approximation. 

,  our  results  are  valid  for  near  and  far-resonance  cases,  as  well.  Then,  we 
the  particular  situation  of  a  four-wave  mixing  experiment.  Depending  on  the 
polarizations  of  the  exciting  beams,  we  define  the  different  situations  that  can 
ted  by  the  population  and/or  orientational  grating  pictures  and  evaluate  their 
ding  contributions.  It:  is  shown  that  the  rotational  diffusion  constant  plays  a 
a  I  role  in  elucidating  typical  physical  situations. 


II.  Theory 


>sp< 


>  nonlinear  medium  is  constituted  by  an  ensemble  of  N  two-level  systems.  Each 
irac  terized  by  a  dipole  moment  u  ,  longitudinal  and  transverse  decay  rates  r 
lively,  and  finally,  transition  energy  fi  .  This  material  system 
earns.  Therefore  the  total  electromagnetic 


1  d  b « 


field  E(r,t)  can  be 


of  them 
and  r 
interacts  with 
written  as  : 


1 


1  ,  2  , 


(1) 
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t r. e  c.'r.riex  c  o  n u £  a  t  e  p art,  e  ^  tor  the  ur.it  polarization  vector  a n d 
d  e  p  e  dent  field  a p  i  t  u  d  e  .  X  o  r  t-o  v  e  r  w  e  ass  u  rr  e  t.  h  a  t  the  perturb  a  tior.al 
d  a r. d  calculate  t  he  t  hi  rJ-order  iterative  solution  for  the  density  matrix, 
ts  car.  be  taken  into  account  by  introducing  a  pnenorr.er.ol  ogical  diffusion 
entity  r.atr  i  x  equations.  It  is  also  assumed  that  orientational  diffusion 
*  :  s  t  i  a  1  processes  w  r.  i  ch  are  independent  of  the  applied  fields.  Therefore, 
:  x  elements  satisfy  the  equations,  if  p  =  0 ( r  ,  t  ,  *  , t  }  , 


a=,t  '  ¥.  Hi,:  Lc  -  »u]  <b 

the  o  r  i  e  n  t  a  t  i  o  r:  a  1  c  o  ord  i  n  a  t  e  s  of  the  dipole  r.  o  rr.  e  n  t  u  d  e  f  i  n  e  d  with  r  e  s  p  0  c  i 
frame.  -  ,  ,  ,  •’  ,  >  a  n  d  T  .  „  a  re  the  orientational  diffusion  consta  n  t  s  a  n  c 

ace  operator  i  r.^  spherical  coordinates.  H  .  v  re  p  r  e  s  e  r.  t  s  t  he  i  t  e  r  a  c  *.  i n  n 
;  t  h  e  dipole  approxi  .7.  a  t  i  o  n  it  takes  the  f  o  f  fr. 


Z  r  c  (  r  ,  i  1  •  e  ]£  r  ,  t  1  exr  [ij  t-ik  .  r] 
-—at  a  a  a  a 

?o  exP  . 


t  jr.it  vector  i  r.  the  direction  of  the  dipole  no  merit  l  which  can  b  -- 
e  t  9 ,  * .  .  It  is  assumed  that  has  no  diagonal  elements.  The  diffusion 

and  T ,  ,  introduced  in  the  relations  { 3 - 5 )  have  been  written  in  a  general 
'“to  the*  Te  bye  model  [8]  .  We  now  assume  that  rotational  diffusion  is 


•c ironic  state  of  the  molecule,  i.e.,  ; 


li  and  that  the  decay 


ariz-ati.cn  I,  is  large  compared  to  D  [9].  Then''  equations  (3-5)  can  be 
li  C 0  ir.t.O,*!  -  c  V,  (  r  ,  t  ,  5  ,  *  l  s  •’  (  r  ,  t  ,  '*  ,  *  )] 

-  r  .  [w  r  ,  t  C  ,  ®  -  wj  *  -  ,*  w(*r.t,5.«>  (7) 

-  o.yr.t.ej)  -iw(r,t,9,«)s(r,t,e,®).  ( 8 ) 

, t , T , i .  is  the  population  difference  between  the  excited  state  2  and  the 
'or  given  values  of  9  and  ®  .  In  addition,  C  (  r  ,  t  ,  9  ,  $  )  corresponds  to  the 
d  i  r.  the  frame  rotating  at  the  transition  frequency  w  .  Therefore,  we  have 

ci  1 

9,®l-o(r,t,8,*l  ( 9 ) 

t,-,»)  exp  (10) 

the  function  s ( r , t , 9 , 4> !  is  given  by  : 

Z  (  f  e  (  n  .  $  i  .  e  1  t  (  r  ,  t  )  exp.  1  -  i  A  t  ) 
a  -  u  aJ  -»  a 


t:.;  ] 


r,  t  ■  e x p  '-iQ  t  '  t 


i  n  t  r  o  d  j  c  o 
o  d  i  f  i  e  d  ; 


r n  t. a  t  1  n g-wavf-  ^pproxlnat;  i  o n  . 


r.  trodure  d  o  n  1  v 


1  :  \  •  S3  '>•  ■  1  “*P  1  -ifi,  t  '  • 

X q 3 .  ( 7 )  and  ( 8 )  is  easily  achieved  to  g  i  ■ 
l.  l  /  -it.  /  *'  d  $  .  /  '  d  fi  ,  f?  i  n  4>  , 


x  exp  [-  r  .  .  exp[-j(i  t*  1  1  ( t  - 1 L )]  r ,  ( e  ,<p  )  *  (6  x  ,0  i  ) 

X  fp  ,r,!,  ,S.  ,t,  'sir.t,  )  -  o  ( r , t  , 9  , 9  ) s  * ( r , t  , 0  , ♦  )]  ( 14 ) 

:i  d 

o  .  , .  r  ,  t  ,  -•  ,  i '  -i  /  Kir.t,  ,?,«)s(r,t  ,9,t!exp[-r2(t-t  Ijdtj  (15) 

mere  Y  .  „  -  .  *  ‘  are  the  well-known  spherical  harmonics  and  w  is  the  initial  value  of  the 

Docuation  difference.  In  the  case  of  a  uniform  orientation af  distribution  we  get 


he  coherences  we  have  o . ,(r,-«,(,*)  =  0.  Using  relations  (14)  and  (15)  and  assuming  T 
compared  to  the  time  variation  of  the  fields  amplitude,  the  perturbative  solutions  of 
(7)  and  (8)  up  to  the  third  order  are  readily  obtained.  To  zero  order,  we  get  the 


o  first  order,  we  have  a  contribution  to  coherence  only, 
i  w  e  (  9  c 

.'.V  r  ,  t  ,  ?  ,  0  ’  =  1  ' ■  %  -1A  3  <6a(r,t)exp[-i(aateka.;)] 

^  2  a 

z  (  0  *  )  .  ^  ' 

*  — — f - — - —  (r,t)exp[[-i(nat-ka.r  )]  1  (16) 

: t  must  be  noted  that  relation  (16)  giving  the  coherence  to  the  first  order  is  not 
dependent  of  the  diffusion  constant,  with  this  result,  we  obtain  the  second  order  contri¬ 
te  t  i  o  n  , 

w  -  r  ,  *  ,  9  ,  i  1  -  |  t  .  ,  |  2  I  (  [(c  i6  ,<*).€*)  (e  (6  ,♦).?„  )f,  . (r.t)  *4-(e‘  )c?  „  <r.t)] 

2  1  ±2  a  8  Lu  a  u  S  1  ,aB  3  a  8  2,  a  8 

d  n 

:<  *r  .  )  exo  j  -  i  i  i  -4  )tlexp[~-i(k-k  )  .  r  1  *  [{  e  (9,*).c  He  (9,i t>  )  .  e  _  )  g,  (r,t) 

a  a  6  a  J  -  8  a  J  Uu  a  p  B  1  .  o  6 


-  [  V-  ,;.V: 

x  r  exp[i;i  -i. 


r,t)l  x  F"exp|-i(A  -A  )  t]  exp[-i  (  k  *k  )  .  r] 
J  a  -  B  a  J  u  Bo 

t]  exp  [i  (  kg  +  ko  )  .  r] 


where  the  various  functions  f.  „(r,t)  and  g.  (r,t)  are  given  by  : 

1  ,  a  B  1 ,3d 

f.<i3.?,t:  =  Sl_  (  c  ,  t  x  )*6g  (  r  ,  1 1  )  exp  (-[ri-i(4B-401)](t-t1)) 
x  |  1  1  -  t  ,  ;  <■  (  -  1  )  ^  +  exp[-6D(t-t^)]]dtj 

^  ,  as’  ?  '  c  ’  /_■£,'?. t1)%e(?,t1)exp  -[ri-i(Ag-Aa)]  (t-t^i 

y.  [  <’  1  -  5  .  1  *  !'  -  1  }  *  *  e  x  p  [-  6  D  (  t  -  t  ^  )  J  ]  d  t  ^ 

f  r,  r  i  -  1,2.  we  have  also  defined  the  following  quantities  : 

:  - -  *  - -  ,  x  =  a .  e  ■ 

x  :  ..-lA,  -ml!!, 

?  X  2  X 

The  functions  f.  (r.t)  and  g.  (?,t)  previously  defined  take  ii 


;  functions  f.  (r.t)  and  g.  (r,t)  previously  defined  take  into  account  the  various 
ipping  of  the’5pulsed  fiell^?8  It  is  important  to  note  that  the  terms  involving 
’  ?  ,  f  j  and  g,  5  e  f  r ,  t  )  are  predominant  in  the  case  where  the  orientational  diffusion 
ant  J  is  zerb,  i.e.  for  systems  where  no  rotational  diffusion  takes  place.  On  the 
r.  and.  f?  and  g  ^  a6(r ,t)  are  predominant  when  D  is  important.  At  this  stage  of 

i  1  o u  1  a t i 6 A ,  the  sole  assumption  which  has  been  introduced  on  the  field  amplitudes  is 
iheir  t ire  variations  are  smaller  than  the  transverse  decay  rate  r  g .  This  assumption 
;  r,  us  to  introduce  mathematical  simplifications  due  to  the  fact  that  s  (  r  ,  t  ,  9  ,  ♦  )  can  be 
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J  (  r  ,  t ,  9  ,  <t> )  .  We  now  assume 
o  much  smaller  than  T  ^ . 
the  convolution,  the  func' 


that  the  ti 
Therefore,  as 


the  time  integration  giving  o  '  ^  (  r  ,  t ,  9  ,  <P  )  .  We  now  assume  that  the  time 
he  product  (  r ,  t  )%0  (  r ,  t  )  is  also  much  smaller  than  r  .  Therefore,  as  a 
c e  of  the  regularization  properties  of  the  convolution,  the  functions  H  ^  g  (r,t) 
f , t )  will  have  a  slowly  varying  time  dependence  with  respect  to  the  one  d  u  £  to  f_. 
j e  noted  that  this  assumption  which  considers  that  the  time  variations  of  the  field 


i  "  p  1  i  t  u  d  < 
*xp»ri;'i»r 


are  much  smaller  than  r  ^  is  frequently  encountered  in  many  picosecond 
performed  with  organic  materials  [10]  .  As  a  consequence,  all  effects  due  to  the 
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dephasing  time  T  -  1  f  ^  are  neglected  In  our  theoretical  model.  We  are  now  able  to 
calculate  the  third  order"1  term  of  the  density  matrix.  Using  relation  (17),  this  last  term 
takes  the  form  : 
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with  the  definitions  : 
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iron  the  expressions  (16)  and  (20),  we  are  now  able  to  calculate  the  corresponding 
polarizations.  At  this  end,  we  must  average  over  all  possible  orientations  of  the  dipole 
moments.  This  is  accounted  for  by  considering  the  ith-order  averaged  polarization  terms. 
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u 

The  total  averaged  polarization  is  given  by  : 

P  (  r  ,  t  )  --  P(1)(r,t)  +  P(3)(?,t) 

By  introducing  the  expressions  (16)  and  (20)  into  the  relation  (23),  we  obtain  the  final 
result. 
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the  quantities  A  ^  g  ( r ,  t )  and  Bag  (r,t)  are  vectors  and  are  defined  by  the  following 


v1  x  p  r  ►'  s  s  i  o  r.  3 


\  ‘  S  1  r  y  (T5  [(  Fa  +  FB  >  y(r’t)fl,a6(r’t  >  +F*y^*a{  r  ’  t  >  *  1  ,  y  B  (  r  1  t  >  ] 


*  7';?a*FB'Vr‘t)f2,aB(r’t)5 

+  S-;y  *S  r5CfFo  +  FB  )‘€y(?>t)f1,aB(?'t,  +  f;ta(;:'t)e1,yS(?  - 

*  ■  V‘b  )V^s[(iVF6>V?’t,r1,«B(?,t)*FY&(?*t)gifyB<?*t)] 

*  ^Fy^t^ti.g^yglP.t)}  (26) 

and 

?a3y  ?>t:  5  '  V*B  ’S^gl.aB(;’t)+9g2>aB(;'t)^F;%y(F't) 

”  (S-S);sT5gl,aB(F’t)F;feY(?-t) 

*  ^B-S^a^l.aB^^’^^y^’^  (27) 

1  e  relations  (26),  (26)  and  (27)  give  the  general  expression  of  the  third-order  nonlinear 

polarization  for  an  isotropic  medium  subject  to  rotational  diffusion. 

III.  Application  to  Degenerate  Four-wave  Mixing 

her  us  now  apply  our  general  result  to  degenerate  four-wave  mixing.  We  consider  the 
we  I -known  geometry  where  the  medium  ^is  exc  i  ted  by  two  coun  ter  pr  opaga  t  i  ng  pump  beams 
E  ,  r,t',  E  i.r.tl  and  by  a  probe  beam  E  (  rv  t  )v  Be  c  aus  e  _  o  f  _  t  h£  phase-matching  condition, 
only  o or,  t r i bu t i cns  associated  to  the  terms  k^-kj+k  and  k^-kj  +  k^  in  relation  (25)  must  be 
retained,  k. ,  k?  and  k  are  the  wave  vectors  respectively  associated  to  the  pump  beams  and 
p robe  o  e a 

Therefore,  the  nonlinear  polarization  reduces  now  to  the  expression 
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The  expression  (28)  combined  with  the  relation  (29)  gives  the  general  form  of  the  nonlinear 
polarization  for  an  isotropic  medium  subject  to  rotational  diffusion.  In  order  to  discuss 
the  physical  meaning  of  this  expression  we  first  introduce  the  limit  D=0  where  no 
rotational  diffusion  takes  place.  Then  the  quantity  C(r,t)  reduces  to  : 
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Let  us  now  consider  the  configuration  of  field  polarizations  defined  by  : 
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can  be  interpreted  as  the  diffracted  signal  of  the  field  E  (r,t) 
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Let  us  define  the  quantity 
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where  the  overbar  denotes  the  average  over  the  angular  orientation  and 
second  order  contributions  defined  by  the  relation  (17).  By  taking 
relation 
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the  product  e ^ . e  is  different  from  zero.  The  term 
.  r]  corresponds  to  a  spatial  modulation  of  the  averaged 


This  averaged  quantity  is  non  zero  when 
containing  the  factor  exp[-i(kg-k 

population  difference.  The  two  olher  terms  are  different  due  to  the  oscillating  factor 

exp(2iwt)  or  exp(-2iwt)  and  can  be  neglected  in  the  case  of  near- r e sonan t  excitations. 
Therefore,  we  recover  a  spatial  modulation  of  the  population  difference  which  is  consistent 
with  a  population  grating.  It  must  be  noted  that  the  quantities  [f  (r,t)  +  f  g  (  r  ,  t  )]  and 

[g  ag(r,t)+gj  as(b.t)]  are  independent  of  the  diffusion  constant  “as  can  cfe  seen  from 

relations  (187’and  (19). 

Therefore,  it  is  clearly  shown  that  ( r  ,  t ) f  g^fr.t)  cannot  be  interpreted  as  resulting 
from  a  population  grating  because  the  condition  e  *  e  =  0  is  satisfied.  However,  this 

cross-polarized  field  superposition  induces  an  orientational  grating  [l  l]  which  diffracts 
^  ( r  ,  t  )  .  At  this  point,  we  would  like  to  emphasize,  as  a  consequence  of  the  different  types 
of  terms  in  the  expression  (30),  the  coexistence  of  population  and  orientational  gratings. 
In  fact,  their  contributions  could  be  of  the  same  importance.  Finally,  the  third  term 
2F*^*(r,t)g^  ( r , t )  of  the  relation  (30)  can  be  neglected  in  the  case  of  resonant 

excitations.  ’Both  pump  fields  having  orthogonal  polarizations,  their  superposition  can 

generate  an  orientational  grating.  Let  us  now  consider  the  configuration  of  field 
polarizations  corresponding  to 


c =  0  ,  e‘.e2  a  0  and  e  ^  .  e  =  0 

This  c o n f i gu r a t i o n  can  be  described  by  similar  considerations  developed  previously.  The 
particular  case  with  c  *  .  c  ^  =  0,  c’.e^  =  0  and  e  ^  t  0  is  quite  different.  The  terms 

associated  with  f  3  ( r , t )  and  f  ( r ,  t  )  can  be  related  to  orientational  gratings,  but  the 

quantity  2  F  *  %..  (  r  ,  t  )  g  ^  (r,t)  doe  4  not  correspond  to  a  static  population  grating.  Instead, 

we  have  a  moving  gVating  oscillating  with  pulsation  2u.  This  is  clearly  shown  by 
considering  relation  (32),  where  for  this  particular  configuration  of  field  polarizations, 
only  the  factors  exp(2iut)  and  exp(-2iwt)  give  a  contribution  to  the  averaged  population 
difference.  This  point,  already  mentioned  by  different  authors  [12]  is  rigorously 
established  here. 

Let  us  now  consider  the  case  where  the  orientational  constant  D  is  very  large.  Then  C(r,t) 
can  be  written  as 
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first  term  corresponds  to  the^  diffraction^  of  E  (r,t)  by  the  population  grating 
requiting  of  the  superposition  of  E  (r,t)  and  E  (r,t)  interacting  with  th^e  medium.  The 
second  ter:  car.  be  described  in  a  similar  fashion  by  exchanging  E  (r,t)  and  E  (r,t)  in  the 
discussion  above.  Again  we  have  a  moving  population  grating  described  by  the  third  term  of 
the  expression  (33).  It  is  interesting  to  note,  that  orientational  gratings  do  not  play  a 
role  i  r.  the  case  of  high  values  of  D.  This  is  due  to  the  fact  that  the  spatial  modulation 
of  the  field  polarization  resulting  of  the  superposition  of  two  cross-polarized  fields  is 
destroyed  when  orientational  diffusion  is  important. 

Relation  (33)  must  be  related  to  the  one  of  the  third-order  nonlinear  polarization  which  is 
used  i  r.  many  works.  For  an  isotropic  medium,  and  assuming  a  phenomenological  description, 
'he  t  h  i  r  d - o  r  d  e  r  nonlinear  polarization  is  given  by  [13]  : 


C(EX .  E  ?  )  E  * 


(34) 


where  unnecessary  notations  have  been  dropped.  A  and  C  are  constants  depending  upon  the 
particular  mechanism  of  nonlinearity.  In  our  case,  A  and  C  are  time-dependent  functions  of 
the  dynamics  of  the  medium.  If  the  time  variation  of  the  envelopes  of  the  fields  can  be 
neglected  with  respect  to  the  dynamical  time  scale,  the  coefficients  of  the  terms 
■  €  1  . e  ,  1  . c  ,  and  i e ^ . c  )  . c  in  relation  (33)  are  equal.  Consequently,  in  the  case  of  rapid 
rotation a f  diffusion,  the  structure  of  the  third-order  polarization  (33)  is  identical  to 
the  one  of  the  classical  expression  (34).  Moreover,  in  both  expressions,  the  contribution 
associated  with  a  given  polarization  is  a  function  of  the  overlapping  of  the  sole  fields 
which  generate  the  grating.  In  the  classical  case,  the  overlapping  is  included  in  the 
scalar  product  of  the  fields,  while  in  (33)  it  is  a  multiplicative  factor.  The  situation  is 
quite  different  when  there  ijs  ^no  rotational  diffusion.  While  the  general  structure  of  Eq. 
(34)  '  -  st  i  i  l  satisfied  by  C  (  r  ,  *■  1  in  Eq.  (30),  we  do  not  have  any  longer  the  one-to-one 
correspondence  between  a  particular  grating  and  the  overlapping  of  the  fields  which 
generate  the  grating.  Here,  for  a  given  choice  of  the  field  polarizations,  all  the 
overlappings  participate  in  the  third-order  polarization  of  the  medium.  It  is  of  interest 
-  o  note  that  this  physical  situation  cannot  be  dealt  with  classicaly. 


IV.  Conclusion 


»e  have  presented  a  general  expression  of  the  third-order  nonlinear  polarization  for  an 
isotropic  medium  subject  to  rotational  diffusion  and  interacting  with  three  pulsed  fields, 
".his  theoretical  model  can  be  used  to  study  the  influence  of  field  polarizations  and  rota¬ 
tional  diffusion  constant  on  the  conjugated  field  by  solving  propagation  equations  (14). 
The  extreme  cases  of  large-  and  zero-rotational-diffusion  constant  are  attainable  by  this 
model.  They  correspond  to  liquids  with  rapid  rotational  diffusion  and  to  dipole  glasses 
with  fixed  dipole  moments  randomly  oriented,  respectively.  From  this  unified  treatment  any 
physical  sample  experiencing  four-wave  mixing  can  be  interpreted  in  terms  of  population 
and  or  orientational  gratings  depending  on  the  particular  polarization  configuration  chosen 
in  the  experiment.  Also  their  corresponding  contributions  have  been  evaluated. 
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Introduction 

Recently,  organic  materials  have  been  studied  in  spite  of  practical  usefulness  of 
inorganic  materials  such  as  lithium, niobate ( LiNbO- )  and  potassium  dideuterium  phosphate 
( KDP )  for  frequency  doubling.  '  '  Organic  materials  have  several  virtues  in  comparison 

with  inorganic  materials,  such  as  nonlinear  susceptibilities,  a  high  speed  optical  response, 
and  a  high  optical  damage  threshold.  In  this  study,  we  tried  to  combine  the  virtues  to 
waveguide  structure.  Waveguide  structures  have  also  advantages,  such  as  to  realize  a  high 
optical  density,  an  integrated  optical  devices,  and  especially  a  phase  matching  by  mode 
dispersion  of  the  guided  waves.  '  Actually  this  study  is  concerned  with  optical  parametric 
interaction  between  different  frequency  guided  waves.  The  paramrtric  interaction 
substantially  accompanies  the  sum  or  the  difference  frequency  generation  ;  amplification 
of  low  level  signal  wave.5)#6)  jn  this  paper,  we  report  our  experiments  about  the  optical 
parametric  difference  frequency  generation  in  a  2-methyl-4-nitroaniline  (MNA)  thin  film 
waveguide. 

Waveguide  preparation  and  experimental  setup 

As  well  known,  the  largest  element  of  SHG  tensor  of  MNA  crystal,  d-| -|  is  2 . 5x1 0-1 0 (m/v ) 
and  the  figure  of  merit  is  about  2000  times  larger  than  that  of  LiNb03.'> 

A  thin  film  of  the  MNA  single  crystal  was  prepared  by  a  two  step  method.  First,  a 
polycarbonate  stripe  spacer  was  inserted  between  two  pylex  substrates  to  form  a  tapered 
capillary  gap.  The  substrates  were  dipped  into  a  molten  MNA  liquid.  The  molten  MNA  in  a 
beaxer  was  controlled  at  130°C  and  filled  into  the  gap  by  a  capillary  effect.  After  it 
was  cooled,  as  the  second  stage  mosaic  like  microcrystal  film  in  the  gap  was  recrystallized 
to  make  a  large  thin  single  crystal  film.  Typically  v/e  could  get  a  tapered  MNA  single 
crystal  film  from  0.3^m  to  I.Oum  in  thickness,  and  it  is  available  structure  for  the  phase 
matched  optical  parametric  interaction  by  using  a  dispersion  of  effective  index. 

The  experimental  setup  for  optical  parametric  difference  frequency  generation  is  shown 
in  figure  1.  The  pump  source  was  a  tunable  pulsed  dye-laser  (Rh-6G)  which  v/as  excited  by 
a  XeCl  laser.  The  laser  has  a  tunable  range  from  580nm  to  600nm  with  power  12.5kW.  The 
signal  source  was  a  cw  He-Ne  laser  (1150nm).  Both  pump  and  signal  waves  were  coupled  into 
the  tapered  MNA  waveguide  by  a  traperoidal  rutile  prism.  The  wavelength  of  the  generated 
idler  wave  (difference  frequency  wave)  was  measured  by  a  monochromator  with  a 
photomultiplier  and  a  boxcar  integrator. 


Dye  laser 
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V<  -  aperture 
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(1150nm)  1R:pXa5SflltGrVPrism,^ 


photomultiplier 

monochro 
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waveguide^j—L - , 


pen  recorder 
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Fig.l  Experimental  setup 
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Optical  parametric  interaction 

When  two  waves,  the  pump  wave  of  frequency  “ P  and  the  signal  wave  of  frequency  us  are 
launched  into  a  nonlinear  optical  materials,  the  signal  wave  can  be  parametrically 
amplified  accompanying  a  new  wave,  so  the  called  idler  wave.  The  idler  wave  is  the 
difference  frequency  wave  to i .  A  relation  is  held  among  these  waves  as  an  energy  conservation 

<*>  P  '  01  s  =  o>  i .  (1) 

and  phase  matching  condition  (momentum  conservation)  to  maximize  the  effect  is  given, 

AC  =  (3p-0s-0i  =  O  (2) 

where  (5 p ,  fl s  and  fii  are  the  propergation  constants  of  the  pump,  signal,  and  idler  wave 
respectively. 

Results  and  discussion 

In  our  experiments  phase  matching  among  the  three  waves  was  observed  by  adjusting  the 
thickness  of  the  MNA  waveguide.  Figure  2  is  mode  dispersion  curves  of  the  propergation 
constants  of  three  waves  corresponding  to  the  thickness  of  MNA  waveguide.  Actually  the 
phase  matching  was  realized  by  adjusting  the  tapered  waveguide  thickness  as  shown  in 
figure  3.  The  dush  line  in  figure  3  was  given  by  parameter  fittings  such  as  the  beam  width 
of  the  light  source,  the  fundamental  Gaussian  beam,  the  tapering  inclination  of  the 
waveguide , and  so  on.  Both  lines  show  good  agreement  of  the  peak  point  and  half  widths  of 
two  curves.  The  peak  was  located  at  the  thickness  0.489/*m.  It  was  a  phase  matched  point 
in  the  dispersion  curve  of  figure  2. 


Fig. 2  Mode  dispersion  curve  Fig. 3  The  characteristic  of  phase  matching 

Intensity  of  idler  wave  versus 
the  thickness  of  MNA  film 

Figure  4  shows  the  certification  of  the  idler  wave  for  the  pump  wavelength  from  580nm 
to  595nm,  and  the  wavelength  region  of  idler  wave  was  from  1173nm  to  1233nm.  The  solid  line 
is  the  theoretical  curve  by  equation  (1).  Both  lines  give  good  agreement. 

In  our  experiments  the  gain  of  idler  'wave  was  very  small  because  of  the  insufficient 
coupling  efficiency  and  the  insufficient  propergation  length.  To  realize  an  efficient  gain, 
it  is  necessary  to  refine  the  techniques  of  crystal  growth  and  to  use  a  more  efficient 
coupler,  for  example,  a  grating  coupler. 

Recently,  we  newly  established  an  efficient  second  harmonic  generation  using  a  grating 
coupler.  Figure  5  shows  the  waveguiding  mode  lines  of  SHG .  This  pump  source  was  Nd : YAG 
laser,  its  wavelength  was  1064nm,  and  second  harmonic  generation  was  532nm. 


525 


Wavelength  of  idler  wave(nm) 


1240 


Wavelength  of  pump  wave  (nm) 

ig.4  Tuning  characteristic  of  idler  wavelength 


Fig. 5  Mode  lines  of  SHG 


Conclution 

V?e  fabricated  a  thin  film  of  MN'A  single  crystal  waveguide  v/ith  taper  from  0.3/(m  to 
•Oum,  and  observed  the  phase  matched  difference  frequency  generation  in  the  tapered  MNA 
ingle  crystal  waveguide  with  the  tuning  range  from  1173nm  to  1233nm. 
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Abstract 

We  study  ultrafast  relaxation  dynamics  by  degenerate  four-wave  mixing  with  incoherent 
light.  We  apply  the  Kerr-shutter  configuration,  which  has  the  advantage  of  easy  alignment 
to  obtain  better  signal  to  noise  ratio  (S/N)  than  ordinary  forward  degenerate  four-wave 
mixing  (DFWM).  By  means  of  this  technique  nonresonant  optical  Kerr  relaxation  time  in  CS2 
was  resolved  to  be  1.7±0.1  ps.  We  also  applied  this  technique  to  dephasing  measurements. 
The  dephasing  time  of  cresyl  violet  doped  in  a  PMMA  film  obtained  by  this  method  was 
compared  with  the  result  from  ordinary  2-beam  DFWM.  Finally  the  dephasing  time  in  CdS 
microcrystallites  was  obtained  to  be  230±20  fs. 


1 .  Introduction 

Ultrafast  dynamical  properties  of  optically  excited  states  have  attracted  interest  and 
they  have  been  studied  by  many  groups.  In  condensed  matters  relaxations  are  very  fast 
because  of  the  strong  interaction  between  the  like  or  different  excitations  and  because  of 
high  density  of  energy  levels.  Therefore  picosecond  or  sometimes  even  femtosecond  time 
resolution  is  required  for  the  studies.  These  ultrafast  phenomena  can  only  be  resolved 
using  optical  nonlinear  effects,  because  usual  electronic  instruments  do  not  have  such  a 
ultrahigh  time  resolution.  In  ordinary  time-resolved  nonlinear  spectroscopy,  the  time 
resolution  is  limited  by  the  temporal  width  of  pulses.  Nowadays,  the  development  of 
femtosecond  lasers  has  realized  ultrashort  pulses  as  short  as  6  fs  [1].  However,  such  short 
pulses  can  be  obtained  only  with  a  very  sophisticated  apparatus.  The  largest  drawback  of 
femtosecond  lasers  is  the  limited  wavelength  of  the  laser  oscillation. 

Recently  incoherent  light  has  been  utilized  for  the  ultrafast  time-resolved  spectroscopy 
by  means  of  transient  coherent  optical  effects  [2-14].  Temporally  incoherent  light  with  a 
wide  spectral  width  has  a  much  shorter  correlation  time  (lc)  than  its  temporal  duration,  and 
incoherent  light  can  be  considered  to  generate  macroscopic  polarization  in  the  similar 
manner  to  a  train  of  coherent  short  pulses  with  pulse  width  equal  to  x  .  The  time 
resolution  of  the  measurement  using  transient  coherent  phenomena  is  determined  by  lc. 
According  to  this  principle,  experiments  with  ultrahigh  time  resolution  can  be  performed 
much  more  easily  by  using  temporally  incoherent  light. 

In  the  early  stage  the  application  of  this  technique  was  limited  to  dephasing  time  (T2) 
measurements  by  degenerate  four-wave  mixing  (DFWM).  The  first  proposal  was  made  by  MORITA 
and  YAJIMA  [2].  They  investigated  theoretically  electronic  T2  measurement  under  the 
assumptions  that  the  envelope  function  of  the  electric  fields  of  incoherent  light  is  a 
complex  Gaussian  random  process  and  that  lc  is  much  shorter  than  the  relevant  relaxation 
times.  ASAKA  et  al.  measured  T2  in  NdJ+  doped  glass  by  accumulated  photon  echoes  according 
to  the  same  principle  [3].  Nowadays  many  studies  on  electronic  dephasing  are  reported. 

This  technique  has  been  applied  to  studies  of  not  only  electronic  dephasing  but  also 
vibrational  dephasing  [4],  electronic  population  relaxation  [5],  nonresonant  optical  Kerr 
relaxation  [6],  and  luminescence  lifetime  [7].  As  an  incoherent  light  source,  an 
incompletely  mode-locked  cw  dye  laser  or  a  home-made  dye  laser  pumped  by  a  nanosecond-pulsed 
laser  can  be  used.  We  have  only  to  remove  the  tuning  element  from  these  lasers  to  obtain 
ultrahigh  time  resolution  by  extending  the  laser  spectral  width.  In  addition  incoherent 
light  source  in  the  method  is  widely  tunable.  This  is  the  main  reason  why  we  applied  this 
method  to  the  study  on  CdS  microcrystallites  which  will  be  described  in  Chap.  5. 

However,  since  the  peak  power  of  incoherent  light  is  low,  the  intensity  of  the  signal 
generated  by  incoherent  light  is  much  lower  than  that  by  ordinary  femtosecond  pulses.  Thus 
we  applied  DFWM  in  the  Kerr-shutter  configuration,  which  has  advantages  of  easy  alignment 
and  high  signal  selectivity.  In  the  present  paper  we  study  DFWM  using  incoherent  light  in 
the  Kerr-shutter  configuration,  especially  its  application  to  the  dephasing  time  measurement 
[8].  We  will  describe  a  theoretical  study  in  Chap.  2.  We  study  optical  Kerr  effect  in  CS2 
in  Chap.  3  and  electronic  dephasing  in  cresyl  violet  in  Chap.  4.  The  application  of  the 
method  studied  in  Chap.  4  to  the  measurement  of  dephasing  time  in  CdS  microcrystallites  will 
be  discussed  in  Chap.  5. 


2.  DFWM  in  the  Kerr-shutter  configuration 

We  apply  DFWM  in  the  Kerr-shutter  configuration  (Fig.  1)  using  incoherent  light  to 
measurements  of  various  ultrafast  relaxation  times.  A  single  beam  of  linearly  polarized 
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light  is  divided  into  two.  One  of  them  (probe  beam)  is  variably  delayed  and  focused  onto 
the  sample.  The  other  (pump  beam)  is  polarized  45°  with  respect  to  the  probe  beam  and 
focused  at  the  same  point.  The  signal  transmitted  through  a  crossed  analyzer  is  detected  as 
a  function  of  the  delay  between  the  two  beams.  Because  the  signal  and  the  probe  beams  are 
collinear  in  the  Kerr-shutter  configuration,  the  direction  of  the  signal  can  be  easily 
identified,  and  the  signal  is  detected  selectively. 


Ik2 

X 


The  third-order  polarization  induced  by  total  electric  field  E(r,t)  is  written  in  the 
following  equation. 

rt  -f  ,t“ 

P(3)  (r,t)«  |  d(Au )  g  (Aid)  j  dt 1  jdt"  j  dt"' exp[  -  ( t 1  -  t"  )  /T-,  ]exp[ -( t-t ' +t"-t'"  )/T2) 

[  X  E(  r ,  t 1  )E(  r,  t"  )  E*(  r,  t'"  )exp  [  -iAu(  t-t '  -  t"  +  t"')  ] 

+  XE(r,t'  )E*(r,t")E(r,t",)exp[-iAu)(t-t,+t"-tl")  ]  ]  (1) 

where  g(Aiu)  is  the  distribution  function  of  the  frequency  difference  between  the  transition 
frequency  of  the  two-level  systems  and  the  laser  frequency!  with  inhomogeneous  width  Aft.  T-| 
and  T 2  are  the  longitudinal  and  the  transverse  relaxation  times  of  the  relevant  transition, 
resoe"t i vp 1 y . 

The  electric  field  of  the  incoherent  light  is  given  as  the  sum  of  the  pump  and  the  probe 
fields 

E(r,t)  =  e-|  E(  t )  exp  [  i  (  k-|  r-U)t )  ]  +  e2E(  t-T) exp[ i ( k2r-u( t-T ) ) ]  (2) 

where  is  the  unit  polarization  vector  of  Ei ,  and  in  this  configuration  e-|  =  e^y  =  1 //T 

for  the  pump  polarized  45°  with  respect  to  the  probe;  e2x  =  0;  e2y  =  1  for  the  probe  with 

vertical  polarization.  Since  we  detect  the  signal  in  the  same  direction  as  the  probe  beam 

in  this  configuration,  we  pick  up  the  component  with  wavevector  k2 .  When  the  system  to  be 
studied  has  an  extremely  large  inhomogeneous  broadening,  (1)  is  rewritten  as 

at  ,1’ 

P(  3)  ( t)  «  \  dt 1 1  dt"exp[  -  ( t ' -  t"  )  /T-,  ]  exp  [-2  (t-t'  )  /T21 

[  Xe2e1e1E(t'-t ) E( t" ) E*( t"+t ' -t ) 

+  ^e,e2e1E(t' )E(t"-x)E*(t"+t'-t)  ]  (3) 

Nonvanishing  components  of  a  fourth-rank  optical  nonlinear  susceptibility  tensor  X  are 
Xxxxx'  Xxxyy'  *xyvx'  ^kyxy'  and  those  obtained  by  permutation  among  indices  x,y,  and  z. 

Here  we  take  theyaef jnition  of  Xji^i  as  the  index  1  associates  with  the  complex  conjugate  of 
the  electric  field  E  ,  which  means  that  time  ordering  of  three  electric  fields  starts  from 

the  right-most  index  1  and  proceeds  left  to  index  j.  We  must  be  careful  in  specifying  index 

ordering.  These  tensor  components  are  considered  to  be  independent  of  time  development. 
Dynamic  response  in  all  tensor  components  is  picked  out  as  a  common  exponential  factor,  that 
is,  a  single  set  of  T-|  and  T2  can  describe  the  relaxations  in  isotropic  media.  This 
polarization  has  two  terms.  The  first  one  is  contribution  of  Kerr  effect.  The  pump  induces 
anisotropy  in  the  sample  resulting  in  the  rotation  cf  the  probe  polarization.  This 
contributes  to  constant  background  in  accumulated  photon  echo.  The  second  term  is  due  to 
coherent  coupling.  The  pump  and  the  probe  make  a  transient  grating  in  the  sample  and  the 
pump  is  diffracted  into  the  probe  direction.  Since  only  the  x-polarized  light  is  detected, 
we  take  the  x-component  of  the  polarization.  Therefore, 

(Xe2eiel>x  =  (XXyXy  +  XXyyX)/2 

tf  (4  ) 

(^e1e2ei)x  =  ^xxyy  +  ^xyyx^3 
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And  we  define  "polarization  factor"  g  as, 


9  =  ^xxyy  +  ^xyyx'  ^  ^xyxy  +  ^xyyx^ 

In  the  following  chapters  we  study  two  special  cases; 
and  2)  accumulated  photon  echo. 


(5) 

1 )  non-resonant  optical  Kerr  effect 


3.  Nonresonant  optical  Kerr  effect 


3.1.  Kerr  study  on  simple  molecular  liquids 

After  the  direct  temporal  measurement  of  the  Kerr  relaxation  time  in  CS2  was  reported 
[15],  molecular  dynamics  in  various  transparent  liquids  has  been  investigated  using 
ultrashort  pulse  lasers  [16].  Nowadays  four  relaxation  times  are  reported.  These  are 
associated  with  1)  a  picosecond  relaxation  by  molecular  orientational  diffusive  motion,  2) 
an  intermediate  relaxation  of  hundreds  fs  by  intermolecular  interaction,  3)  an  ultrafast 
relaxation  around  one  hundred  fs  dy  libration,  and  4)  an  instantaneous  response  of 
electronic  nonlinear  polarization.  These  time  constants  can  be  resolved  also  using 
incoherent  light. 

When  the  incident  light  is  far  off-resonant  with  the  system,  T2  does  not  appear  in  the 
response  function.  Even  in  nonresonant  case,  induced  polarization  is  written  in  the  same 
form  as  Eq.  (3)  after  T2  is  set  to  zero.  Kerr  relaxation  is  assumed  to  be  a  single 
exponential  decay  with  a  time  constant  TKerr.  Thus  T^  is  replaced  with  TKerr  in  Eq.  (3). 

P(3) (t)  ^  f  dt'exp[-(t-t' )/TKerr]  [E(t-t)E(t' ) E* ( t 1 )  +  g  E( t ) E ( t ' -t ) E* ( t 1 ) ]  (6) 


The  signal  intensity,  which  is  proportional  to  the  statistical  average  of 
given  as 

,  t  .  t 

I^3*(t)  *  |  dt ' ^ ds ' exp [ -2 ( 2t-t 1 -s ' ) /TKerr ] 

[  <  E(t-X)E(t' )E*(t' )EA(t-T)E*(s' )E(s' )  > 

+  g  <  E(t)E(t'-X)E*(t,)E*(t-I)E*(s’)E(s’)  > 

+  g  <  E( t-X ) E( t ' ) E* ( t  ' )E* ( t ) E*( S ' -X ) E( S ' )  > 

+  g2  <  E(t)E(t'-X)E*(t'  )E*(t)E*(s'-X)E(s' )  >  ] 


is 


(7) 


We  assume  that  E(t)  is  a  complex  gaussian  random  process  and  tc  is  much  shorter  than  TKerr. 
Using  the  factorization  property  of  random  gaussian  process,  we  get  signal  intensity 
against  X  using  incoherent  light  as 

I(X)  =  1  +  g(g  +  2) I G(X ) I  2  +  ( 2 Xc*/TKerr ) exp [ -X/TKerr ]  (X  >  0)  (8) 

where  G(u)  =  <E* ( t ) E( t+u ) > / <E* ( t ) E( t ) >  and  Xc*=  /  ^  I G ( u ) I 2du .  We  take  the 

definition  of  lc  as  a  temporal  width  (FWHM)  of  | G < X ) | 2 .  We  can  determine  xc  from  the 
diffracted  intensity  proportional  to  lG(X)l2  by  the  thermal  grating  in  dye  solution  at  room 
temperature.  When  we  assume  that  ) G ( x  > )  2  is  a  Gaussian  function,  Xc  =  ln2 )XC . 

The  factor  g  is  calculated  to  be  1/6  with  the  tensor  components  of  nuclear  origin  [20], 


3.2.  Experimental 

We  measured  Kerr  relaxation  times  in  liquid  CS2,  which  is  one  of  the  most  famous  Kerr 
media.  Incoherent  light  around  590  nm  was  provided  from  a  broad-band  dye  laser  pumped  by  a 
nanosecond  excimer  laser.  Its  repetition  rate  was  about  10  Hz.  The  dye  laser  had  no  tuning 
elements  and  Tc  was  about  300  fs.  Its  end  mirror  was  an  aluminum  mirror  with  high 
reflectivity  and  its  output  mirror  was  simply  a  glass  plate.  The  laser  beam  which  was 
linearly  polarized  by  a  Glan-Thompson  prism  was  divided  into  two  with  equal  intensity.  One 
of  them  (probe  beam)  is  focused  on  the  sample  through  a  polarizer.  Then  it  is  directed  to  a 
photomultiplier  through  an  analyzer.  The  other  (pump  beam)  is  polarized  45°  with  respect  to 
the  probe  beam  using  a  Fresnel-rhomb  pair,  variably  delayed  with  a  translational  stage  and 
focused  at  the  same  point  on  the  sample.  A  focusing  lens  and  a  pinhole  were  used  to  collect 
the  signal  efficiently  and  selectively.  The  signal  was  detected  as  a  function  of  the  delay. 
The  electric  signal  from  a  photomultiplier  was  amplified  with  a  home-made  amplifier,  and  A/D 
converted  data  was  stored  and  processed  in  a  microcomputer.  The  system  was  automatically 
controlled  by  the  computer.  The  experiment  was  performed  at  room  temperature. 


3.3.  Results 

Figure  2  shows  the  obtained  data  with  the  long  tail  coming  from  Kerr  relaxation.  Its 
time  constant  was  1.7±0.1  ps,  which  is  very  close  to  1.50±0.05  ps  reported  in  Ref.  [17]. 
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This  picosecond  relaxation  is  considered  to  be  associated  ij/ith  molecular  reorientation.  The 
intensity  ratio  of  the  Kerr  signal  to  the  background  is  xc  /TKe  r  according  to  Eq.  (8).  The 
better  S/N  is  attained  using  incoherent  light  with  the  longer  lc,  on  the  other  hand,  the 
shorter  resolution  time  with  the  shorter  xc.  We  could  resolve  only  the  slowest  relaxation 
time,  because  of  disturbance  due  to  a  coherence  spike  near  zero  delay. 


Delay  t  (ps) 


Fig.  2:  Semi-logarithmic  plots  of  the  delay 
time  dependence  of  signal  intensity 
obtained  from  C$2 


3.4.  Coherent  coupling  in  Kerr  effect 

This  coherence  spike  stands  for  the  squared  autocorrelation  function  of  the  incoherent 
light  | G ( t ) | ^  and  it  is  due  to  coherent  coupling  effect  between  pump  and  probe  beams. 
Coherent  coupling  in  optical  Kerr  effect  in  transparent  media  was  pointed  out  where 
dephasing  is  instantaneous  [18].  On  the  other  hand  in  systems  resonant  with  the  incident 
light,  dephasing  is  not  instantaneous.  This  leads  to  phase-memory  effect  on  the  coherent 
coupling  contribution  to  the  signal  intensity.  When  t c  is  much  shorter  than  T2,  coherence 


spike  has  an  asymmetric  tail, 
process . 


This  tail  offers  us  a  dynamical  information  about  dephasing 


4.  Dephasing  Measurement 


4.1.  Accumulated  photon  echo 

For  T2  measurement,  the  elimination  of  excitation  pulses  by  polarizers  was  suggested  in 
forward  three-pulse  echo  experiments  [19].  The  scheme  of  this  method  is  similar  to 
heterodyne-detected  accumulated  photon  echo  experiments.  The  signal  intensity,  which  is 
proportional  to  the  squared  absolute  value  of  the  third-order  polarization,  is  finite  only 
when  the  pump  oeam  is  present.  We  calculated  the  signal  intensity  as  a  function  of  the 
delay  time  (X)  of  the  probe  beam  with  respect  to  the  pump  beam  for  a  two-level  system  and 
demonstrated  that  T2  can  be  obtained  from  the  trace. 

Since  temporally  incoherent  light  can  be  regarded  to  be  composed  of  pulses  randomly 
distributed  in  time,  this  method  is  a  type  of  accumulated  photon  echo  experiments  [10,11], 
of  which  signal  can  be  heterodyne  detected  by  the  same  equipment  as  a  pump-probe  experiment. 
The  heterodyne  detected  signal  is  proportional  to  the  nonlinear  polarization  induced  in  the 
material.  It  decays  exponentially  with  a  time  constant  T2/2  when  the  system  can  be 
described  by  a  simple  two-level  model  with  a  broad  inhomogeneous  width.  In  the  heterodyne 
method,  phase-sensitive  detection  technique  using  a  synchronously-pumped  mode-locked  dye 
laser  with  a  high  repetition  rate  and  a  lock-in  amplifier  are  necessary  to  be  applied  to 
eliminate  constant  background.  As  a  result  S/N  can  be  improved.  On  the  other  hand,  when  a 
nanosecond  dye  laser  with  a  low  repetition  rate  as  10Hz  is  used  as  an  incoherent  light 
source,  scattered  background  noise  makes  it  difficult  to  obtain  high  S/N. 

Here,  we  make  the  following  two  assumptions  for  the  system  to  be  studied, 

(i)  An  >>  Tp"1 

and 

(ii)  T,  >>  tc,  T2 

These  assumptions  satisfy  the  conditions  necessary  for  accumulated  photon  echo.  We 
implicitly  assume  constant  populations  of  relevant  levels  in  the  material  because  of  a  long 
duration  of  incoherent  light.  Hence  in  case  ultrashort  pulses  with  low  repetition  rate  are 
utilized,  T2  cannot  be  measured  in  the  Kerr-shutter  configuration. 
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Assumption  (ii)  allots  us  to  rewrite  (3)  with  the  electric-field  autocorrelation  function 
G ( u )  =  < E  ( t ) E ( t  +  u ) > / <E  (t)E(t) >  as, 

[P(3)(t) ]x  oc  j  dt,exp[-2(t-tl )/T2]  [ E( t 1 -X ) G( t-t 1 )  +  g  E(t' )G(t-t'-x) ]  (9) 

We  study  dephasing  in  molecules  doped  in  polymers  and  dephasing  in  semiconductors.  In 
both  cases  Xxyxy  =  Xxxyy/  hence  9  is  equal  to  unity  [20].  The  signal  intensity,  which  is 
proportional  to  the  statistical  average  of  | lp  3  lx|»  is  given  as 

I  *  3  *  ( t )  j  dt 1  j'  ds  1  exp[  -2  (  2t-t 1  -  s  1  )  /T2  ] 

[  G(s ' -t 1 )G(t-s' )G( t'-t) 


+  G(s,-t'+I)G(t-s,-t)G(t,-t) 
+  GIs'-t'-DGIt'-tnlGIt-s') 


+  G(t’— t+X)G(t-s' -X ) G ( s ' -t 1 ) 


(10) 


When  t c  is  much  shorter  than  T2,  G(u)  can  be  replaced  with  a  delta  function  6(u).  After 
some  calculations,  we  get  the  normalized  signal  intensity  as  follows. 


1(1 )  =  1  (  I  <  0) 

1(1 )  =  [1  -  2exp(-2t/T2) ]2  (  t  >  0) 


(11  ) 


Usually  we  measure  T2  by  ordinary  2-beam  DFWM,  detecting  signals  in  the  directions  of 
2k-|-k2  and  2ko-k1 .  In  ordinary  2-beam  DFWM,  intensity  profile  exhibits  a  single  exponential 
decay  with  a  time  constant  T2/4.  Even  with  the  same  T2  the  former  have  slower  component  of 
exp(-2x/T2)  due  to  cross  terms  between  background  and  decay  than  the  latter  exp( -4t/T2 ) . 


4.2.  Two-component  decay  function 

The  response  function  in  Eq.  (1)  is  not  always  a  single  exponential.  In  this  section  we 
take  an  arbitrary  response  function  A(  t-t 1 +t"-t '")  in  stead  of  exp [ - ( t-t 1  +t"-t‘"  )  /T-,  ] .  When 
the  autocorrelation  function  G(u)  can  be  replaced  with  6(u),  Signal  intensity  I(xT  is 
expressed  as 


X (x )  =  [  A(0)  ]2  (  X  <  0) 

I(X)  =  [  A ( 0 )  +  2A( 2X )  ]2  (  X  >  0) 


(12) 


Latey^ye  disy^ys  dephasing  property  with  two  decay  components  with  T2^^  and  T2^2^ 

(T2  <  T?2  )cis 

A ( 2 ( t-t 1  )  )  =  f1exp[-2(t-t' )/T2(1 ’  ]  +  f2exp[-2(t-t’ )/T2(2)  ]  (13) 


where  f;  is  the  amplitude  of  each  exponential  factor.  The  substitution  of  Eq.  (13)  into  Eq. 
(12)  yields 

I(X  )  =  [  f ,  +  f2  ]2  (  X  <  0) 

(14) 

I(X)  =  [  f,  +  f2  +  2f Iexp[-2X/T2< 1  * ]  +  2f2exp[-2x/T2(2) ]  ]2  (t>  0) 

These  equations  will  be  referred  in  Section  4.5. 


4.3.  Experimental  procedure 

In  order  to  verify  the  applicability  of  the  above  method,  we  tried  to  measure  T2  in 
cresyl  violet  doped  in  a  PMMA  film  at  2K.  The  dephasing  of  cresyl  violet  has  been  studied  by 
photon  echoes  [14].  Cresyl  violet  has  a  bottleneck  level  with  a  long  lifetime.  Even  if  T-j 
is  short,  accumulation  of  the  transient  grating  occurs  with  the  long  lifetime  of  the 
bottleneck. 

The  experimental  apparatus  is  the  same  as  described  in  Chap.  3.  An  incoherent  light 
source  '‘'as  a  broad-band  dye  laser  pumped  hv  a  nanosecond  N2  laser.  The  sample  was  immersed 
in  superfluid  liquid  helium.  A  Babinet  compensator  was  used  to  suppress  the  background  due 
to  the  birefringence  in  the  eight  windows  of  the  vessels. 

4.4.  Results 

Figure  3(a)  shows  the  result  with  two  decay  components.  Signal  intensity  profile  of 
photon  echoes  has  two  components.  The  slower  and  faster  components  are  due  to  the  zero- 
phonon  line  and  the  phonon-sideband,  respectively.  The  saturation  intensity  of  zero-phonon 


531 


line  is  lower  than  that  of  phonon  side-band.  Thus  the  excitation  intensity  should  be  low 
enough  not  to  saturate  the  zero-phonon  line.  As  the  excitation  intensity  is  increased,  the 
relative  intensity  of  the  faster  decay  component  becomes  prominent.  We  compared  the  data 
obtained  by  the  former  configuration  (Fig.  3(a))  and  that  by  ordinary  2-beam  forward  DFWM 
(Fig.  3(b))  with  the  same  sample.  We  should  compare  the  decay  time  constants  of  long  tails, 
because  the  faster  decay  property  corresponding  to  phonon  side-band  depends  on  the 
excitation  intensity.  In  addition,  a  sharp  spike  due  to  the  light  diffracted  by  a  thermal 
grating,  may  overlap  near  zero  delay.  The  dephasing  time  for  the  long  tail  was  57±1  ps  by 
the  Kerr-shutter  configuration  and  56±8  ps  by  the  ordinary  2-beam  forward  DFWM.  These  two 
values  agree  with  each  other  within  experimental  errors.  This  Kerr-shutter  configuration 
enabled  us  to  detect  the  signal  with  much  lower  excitation  intensity  or  much  lower 
repetition  rate  than  the  other  DFWM  configurations  previously  applied  using  incoherent 
light.  The  data  obtained  by  2-beam  DFWM  has  poor  S/N,  even  though  the  intensity  of  incident 
light  in  2-beam  DFWM  was  six  times  as  that  in  the  Kerr-shutter.  As  ,  result  the  relative 
intensity  of  the  long  tail  is  smaller  in  the  2-beam  DFWM  than  in  the  Kerr-shutter.  Actually 
we  could  obtain  better  S/N  by  the  Kerr-shutter  configuration  than  the  other. 
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Fig.  3:  Delay  time  dependence  of  signal 

intensity  at  2K  obtained  from  cresyl 
violet; 

(a)  by  the  Kerr-shutter  configuration; 

(b)  by  ordinary  forward  DFWM  with  two 
orthogonally  polarized  beams 


4.5.  Discussion 

We  cannot  determine  T,  directly  from  the  slope  of  a  simple  semi - logar i thmic  plot  of 
signal  intensity  obtained  by  a  Kerr-shutter  experiment,  since  the  signal  is  the  squared  sum 
of  constant  background  and  decay  term.  We  estimate  T2  after  some  numerical  data  processing 
as  follows.  The  obtained  data  contains  other  background  noise  such  as  scattering  or  leakage 
from  the  analyzer.  The  signal  is  normalized  at  zero  delay  after  all  background  is 
subtracted.  The  normalized  signal  intensity  corresponds  to 

Inor(Tj  "  n/8>[  [1+YYexPr-2l/T2(  1  1  )i-l|exp[-2t/T2(2)  ]  ]2-1  ]  (15) 

where  f  =  f2/f-|,  In  (0)  =  1,  Inor(co)=0.  When  wo  fit  a  T2  for  slower  component  at  large  t,  the 
third  term  with  T2  *  can  be  neglected  because  T2  1 '  <  T2*2'.  Thus  we  can  estimate  a  T2 
by  means  of  the  least-square  method  from  the  slope  of  the  plot  of  the  right-hand  side  of  the 
following  equation  against  1,  which  is  shown  in  Fig.  3(a). 

-2t/T2  =  In  t  /8Inor(I)+1  -1  ]  -  In [  2  f / (  1 +  E )  ]  (16) 
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Here  fitting  parameters  are  T2  and  f. 

In  accumulated  photon  echo  we  always  assume  that  T-|  is  much  longer  than  T2  and  Under 

this  assumption  we  consider  the  background  term  to  be  constant,  so  T2  can  be  determined  from 
the  tail.  Signals  obtained  by  heterodyne  detection  depend  on  T\  as  well  as  T2.  Any 
fluctuation  of  the  background  affects  the  decay  profile.  In  order  to  determine  T,  exactly, 
information  about  is  necessary.  We  also  assume  extremely  large  inhomogeneous  Broadening. 
Finite  inhomogeneous  width  was  discussed  in  Ref.  [12].  The  same  treatment  is  needed  for  the 
present  study. 

The  obtained  value  57±1  ps  at  2K  is  shorter  than  100  ps  at  6K  reported  in  Ref.  [14]. 

There  are  two  reasons  for  the  disagreement.  The  first  one  is  due  to  the  difference  in 
matrix,  since  dephasing  takes  place  by  interaction  between  excited  electron  in  dye  molecules 
and  phonons  in  the  matrix.  The  matrix  is  PVA  in  Ref.  [14]  while  it  is  PMMA  in  the  present 
study.  Secondly  the  temperature  of  the  sample  may  be  higher  than  2K.  Laser  light  can  heat 
up  the  sample  immersed  in  superfluid  liquid  He.  We  did  not  measure  the  temperature  change 
induced  by  the  heating.  This  increase  in  temperature  may  induce  faster  dephasing. 


5.  CdS  Microcrystallites 

5.1  Introduction 

Semiconductor  microcrystallites  are  considered  to  be  among  promising  materials  used  in 
nonlinear  optical  devices  because  of  their  large  nonlinearity  due  to  excitons  confined  in 
the  particles.  Many  groups  have  been  studying  physical  properties  of  microcrystallites 
using  commercial  semiconductor-doped  glass  filters  .  Phase  decay  in  microcrystallites  has 
also  been  studied.  TOKIZAKI  et  al.  investigated  the  dephasing  process  in  a  commercial 
filter  [21].  These  commercial  filters  can  easily  be  afforded  as  samples  containing 
microcrystallites  of  CdS^Se-j^.  However,  since  excessive  amount  of  zinc  is  used  in  the 
manufacturing  process,  microcrystallites  with  different  stoichiometries  such  as  ZnS  and  ZnSe 
are  contained.  Therefore  commercial  filters  are  not  appropriate  for  the  investigation  of 
the  basic  properties  of  microcrystallites.  In  order  to  discuss  physical  properties  of 
microcrystallites,  it  is  necessary  to  study  with  a  well-defined  stoichiometry  [22].  Thus  we 
prepared  pure  CdS  microcrystallites  doped  in  a  polymer  film  by  "precipitation-in-gel"  (PIG) 
method  [23].  In  the  following  chapters  we  report  measurement  of  the  dephasing  time  (T2)  in 
CdS  microcrystallites  using  temporally  incoherent  light. 

5.2.  Exper imental  procedure 

The  absorption  spectrum  of  the  sample  in  Fig.  4  exhibits  a  shoulder  around  420  nm  which 
corresponds  to  the  exciton  absorption.  The  width  of  the  shoulder  is  estimated  as  about  40 
nm.  If  the  particle  size  is  uniform,  exciton  absorption  should  appear  with  a  narrow  peak. 
ALI VISATOS  et  al.  reported  homogeneous  line  width  of  CdSe  microcrystallites  to  be  1 7meV 
(4nm)  [24].  Hence  the  particles  in  this  sample  may  have  a  broad  distribution  of  diameters. 

The  experimental  apparatus  is  the  same  as  described  in  Chap.  3.  An  incoherent  light 
source  was  a  broad-band  dye  laser  pumped  by  a  nanosecond  excimer  laser.  The  laser  dye  was 
stilbene  420  selected  to  be  nearly  resonant  on  the  exciton  absorption.  The  correlation  time 
ic  was  about  120  fs.  Samples  were  immersed  directly  in  superfluid  liquid  helium. 


Fig.  4:  Absorption  spectra  of  CdS  micro¬ 
crystallites  doped  in  a  polymer  film; 
solid  line:  at  4K; 
dashed  line;  at  room  temperature 

5.3.  Result 

We  could  successfully  detect  the  signal  of  the  DFWM  by  the  new  method  using  the  Kerr- 
shutter  configuration,  while  we  failed  in  the  ordinary  2-beam  forward  DFWM  configuration.  It 
is  because  quick  and  precise  alignment  can  be  done  in  the  former  method.  That  is  why  we 
called  the  new  method  "s ignal -select ive" .  Two  decay  components  can  be  seen  in  the  obtained 
data  from  CdS  microcrystallites  with  a  mean  diameter  around  50  A  (Fig.  5).  From  this  trace 
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we  estimate  the  decay-time  constant  to  be  230±20  fs  for  the  faster  component.  This  value  is 
shorter  than  that  of  excitons  confined  in  a  GaAs  quantum-well  which  is  reported  to  be  a  few 
picoseconds  by  SCHULTHEIS  et  al.  [25].  Since  their  sample  contained  a  single  quantum-well, 
they  could  tune  the  wavelength  of  the  incident  laser  beam  just  resonant  on  the  lowest  level 
of  the  exciton  absorption  and  dephasing  becomes  longer.  However,  the  exciton  absorption  of 
our  sample  is  i nhomogeneous ly  broadened.  Thus  we  also  excite  higher  levels  of  excitons  and 
the  dephasing  of  the  higher  levels  may  be  faster.  On  the  other  hand,  the  homogeneous  line 
width  reported  in  Ref.  [24]  represents  a  dephasing  time  of  80  fs.  Dephasing  time  obtained 
indirectly  by  hole-burning  is  shorter  than  that  obtained  by  DFWM .  Systematic  errors  tend  to 
broaden  hole  width.  This  means  underestimation  of  dephasing  time. 


1 


IQ"2 


Delay  0.2ps 


Fig.  5:  Delay  time  dependence  of  signal 

intensity  at  2K  obtained  from  CdS 
microcrystallites 
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REMOTE  SENSING  Of  WINDS  AND  PARTICULATES 
USING  A  C02  DOPPLER  LIDAR 

Madison  J.  Post 

NOAA  Wave  Propagation  Laboratory 
Boulder,  Colorado  80303 


Introduction 

The  purpose  of  this  paper  is  to  summarize  how  we  have  applied  the  technology  of  pulsed, 
coherent,  infrared  Doppler  lidar  to  making  measurements  of  atmospheric  winds  and  aerosols. 
In  1981  we  built  a  hybrid  lidar  with  components  from  the  United  Technologies  Research 
Corporation.1  In  1985  this  system  was  upgraded  with  an  injection-locked  transmitter  built 
by  Spectra  Technologies,  Inc.  to  increase  power  output  and  to  advance  technology  for 
possible  application  to  space-borne  systems.2  Difficulties  we  encountered  with  the  newer 
technology  centered  around  frequency  stability,  both  inter-  and  intra-pulse,  due  to  mode 
purity  and  coupling  between  the  power  oscillator  and  the  injection  oscillator.  These 
problems  limit  the  accuracy  of  our  wind  measurements  to  about  2  m  s'1  and  prevent  the 
expected  increase  in  sensitivity  to  back.scatter  because  signal  processing  bandwidth  could 
not  be  reduced  to  match  the  transmitter  pulse-shape  bandwidth.  However,  the  new  system  is 
still  a  significant  improvement  over  the  old,  and  we  have  gained  valuable  knowledge  for 
designing  space-based  hardware. 

A  Doppler  lidar  works  by  transmitting  a  pulse  of  frequency-pure  radiation  that  is  scattered 
in  all  directions  by  particulates  carried  with  the  wind.  A  telescope  collects  the  small 
fraction  of  the  energy  that  is  scattered  directly  backwards,  and  this  energy  is  mixed  with 
a  highly  stable,  frequency-offset  laser  on  the  signal  detector.  Motion  of  the  particulates 
along  the  beam  will  impart  a  Doppler  frequency  shift  to  the  backscattered  signal,  so  by 
measuring  the  beat  frequency  on  the  detector  as  a  function  of  time  delay,  we  measure  t he 
radial  wind  component  as  a  function  of  range.  A  computer-controlled  scanner,  a  real-time 
processor,  and  a  color  display3  greatly  enhance  the  utility  of  the  system,  permitting  a 
scientist  to  survey  the  3-D  wind  or  aerosol  field  with  breadth  and  flexibility,  or  to 
examine  an  interesting  feature  in  greater  detail.  Real-time  displays  of  intensity  (aerosol 
scatter),  mean  radial  velocity,  or  spectral  width  can  be  formatted  ns  PPI,  RHI ,  AZ-EL 
(raster)  ,  Range-Time,  or  VAD  scans,  and  vertical  wind  profiles  can  be  calculated  within  2 
minutes  of  data  acquisition. 


Field  Work 

We  have  used  our  Doppler  lidar  to  observe  many  examples  of  previously  unknown  or 
undocumented  atmospheric  phenomena.  Unfortunately,  the  color  displays  that  depict  the  new 
data  cannot  be  reproduced  in  this  paper,  but  the  references  will  give  interested  readers 
access  to  the  data. 


Between  1981  and  1984  we  acquired  over  600  vertical  profiles  of  aerosol  bac.kscatter ing  from 
the  Boulder-Denver  area.'’  These  occurred  during  the  interesting  time  that  included  the 
eruption  of  the  El  Chichon  volcano.  From  this  large  data  set  we  were  able  to  glean 
information  about  diffusion  and  purging  processes  on  a  global  scale,  both  in  the 
stratosphere  and  in  the  troposphere,  surmising  that  tropopause  folding  plays  a  significant 
role  in  these  processes.  Also,  we  observed  that  often  the  statistical  distribution  of 
backscatter  at  a  given  altitude  was  log-normal,  indicating  that  mixing  processes  are 
multiplicative  rather  than  additive  in  nature.  We  also  discovered  what  appears  to  be  a 
background  signal  intensity  level--a  floor  below  which  the  backsca t ter ing  mixing  ratio 
seldom  falls.5  Other  aerosol-related  field  programs  include  a  month-long  observation  of 
visible  and  rub-visible  cirrus  in  central  Wisconsin  in  1987®  (the  FIRE  parogram) ,  and 
measuring  many  properties  of  aerosols  and  clouds  at  wavelengths  of  10.59  and  9.25  microns 
from  the  volcanic  mountain  of  Mauna  Loa  in  Hawaii  as  part  of  1988  MABIE  (Mauna  Loa  Aerosol 
Backscatter  Intercomparison  Experiment). 
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In  1984  we  participated  in  a  multi-agency  ASCOT  (Atmospheric  Studies  in  Complex  Terrain) 
experiment  in  the  Brush  Creek  basin  in  western  Colorado,  measuring  the  development,  decay, 
and  meanderings  of  the  elevated  nocturnal  drainage  flows  tliat  occur  in  such  terrain.7  Later 
that  sear  we  traveled  to  western  Texas  and  observed  the.  passage  of  a  dry-line  front  that 
triggered  the  outbreak  of  severe  weather  to  the  north.®  We  have  detected  and  analyzed 
several  wind  shear  related  events,  including  clear-air  downbursts,9  and  the  co'lision  of 
outflows  from  independent  thunderstorms.10  The  development  and  decay  of  coastal  breezes  in 
complex  terrain  were  studied  in  California."  In  Colorndo  we  captured  the  structure  of  a 
downs] ope  windstorm,  observing  periodic  coherent  gusts  and  a  leeward  rotor  for  the  first 
tini".,?  Participation  in  a  boundary  layer  experiment  in  Kansas  (FIFE)  showed  our  capability 
to  measure  momentum  flux,'3  while  our  work  in  the  1987  Denver  brown  cloud  pollution  study 
helped  us  understand  the  nocturnal  low-level  reverse  flows  and  the  effects  of  high-rise 
buildings  on  mixing  and  transport  " 

Certainly  there  are  many  more  observations  of  this  type  to  be  made  in  the  future  to 
increase  our  understanding  of  micro-  and  meso-scale  processes.  However,  the  largest  payoff 
would  occur  if  such  a  system  could  be.  placed  in  Earth  orbit  to  measure  wind  profiles 
globally,  Wp  first,  proposed  this  application  in  1978, 15  and  NASA  hi. s  recently  taken  up  the 
cause  with  its  LAWS  program.'6  Numerical  weather  forecasters  have  studied  the.  implications 
of  having  good  wind  data  on  a  global  basis  to  input  into  prediction  programs.  They  have 
concluded  that  winds  are  the  most  important  single  input  to  current  numerical  prediction 
models ,  and  that  with  global  wind  profiles  achievable  from  a  LAWS  instrument,  the  accuracy 
of  weather  predictions  would  increase  significantly.'7 
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ABSTRACT 

Depolarization  by  atmospheric  single  and  multi-step  backscatter  process  is  analyzed  for 
its  impact  on  a  polarization  discrimination  DIAL  lidar  system  designed  for  molecular  air 
pollution  monitoring.  In  this  system  polarizers  are  used  instead  of  lossy  narrow-band 
filters  in  the  optical  receiver.  It  is  shown  here  that  in  this  type  of  system  undesirable 
depolarization  effects  are  primarily  caused  by  single  step  (180°  )  backscatter  from 
non-symmetr ic  small  Mie  particles,  and  from  two  step  backscatter  from  particles  of  all 
sizes. 

Single  step  backscatter  depolarization  is  shown  not  to  vary  with  receiver  acceptance 
angle,  for  the  small  receiver  angles  required  to  encompass  typical  outgoing  laser  beam 
divergences.  For  multiple  backscatter  processes  expected  depolarization  is  proportional  to 
the  square  of  the  acceptance  angle  for  typical  visibilities. 

Backscatter  models  developed  were  ^confirmed  by  field  tests  over  Km  ranges  using  a 
flashlamp  pumped  dye  laser  lidar  at  4500A  with  a  beam  divergence  of  0.5  mrad.  Depolarization 
of  less  than  1%  was  obtained  by  limiting  the  acceptance  angle  to  1  mrad  with  no  significant 
signal  reduction . Depolari zat ion  was  confirmed  to  vary  with  the  square  of  the  angle  for 
larger  angles. 

The  results  demonstrate  that  a  DIAL  system  using  polarization  discrimination  to  separate 
backscatter  signals  will  not  be  significantly  affected  by  depolarization  effects  as  long  as 
receiver  acceptance  angle  is  small  enough  to  eliminate  multiple  backscatter. 

I.  INTRODUCTION 

l,J,3 

in  existing  Differential  Absorption  Lidar  (DIAL)  systems  used  for  molecular  air  pollution 
monitoring  (Fig.l),  laser  pulses  are  emitted  simultaneously  or  sequentially  at  two 
close-lying  wavelengths.  The  output  wavelengths  correspond  to  a  peak  and  a  trough  in  the 
absorption  spectrum  of  the  pollutant  being  monitored.  The  concentration  of  the  pollutant 
along  a  sample  region  is  determined  by  measuring  the  relative  attenuation  of  the  lidar 
backscattered  signals  from  the  beginning  and  end  of  the  sample  lengths  at  each  of  the 
wavelengths.  To  discriminate  between  the  two  close-lying  probe  laser  wavelengths, 
narrow-band  filters  are  generally  used  in  the  lidar  receiver.  This  approach  prevents  the 
DIAL  technique  from  being  readily  used  in  a  more  versatile  tunable  wavelength  mode. 
Furthermore  the  requirement  for  two  narrow-band  filters  makes  the  technique  impractical  and 
difficult  at  near  UV  wavelengths  where  only  relatively  wideband  filters  are  readily 
available.  The  wider  bandwidth  prevents  use  of  both  wavelengths  simultaneously,  which  is  the 
prefered  mode  of  operation.  Furthermore  narrow-band  and  UV  filters  are  lossy  and  their  use 
results  in  additional  penalties  in  system  sensitivity. 

To  overcome  these  limitations  and  expand  the  versatility  and  applications  of  DIAL  lidar 
systems,  a  polarization  discrimination  approach  is  used  (Fig. 2).  In  this  approach,  the  lidar 
outputs  at  the  two  close-lying  wavelengths  are  emitted  simultaneously,  but  orthogonally 
polarized  with  respect  to  each  other.  The  premise  of  the  polarization  discrimination  scheme 
is  that  backscattered  signals  retain  sufficiently  the  initial  polarizations  of  the  outgoing 
signals  to  permit  polarization  discrimination  techniques  to  be  used  alone  to  separate  the 
return  signal  at  each  of  the  two  wavelengths.  Thus  the  backscatter  signals  can  be  separated 
by  using  linear  polarizers  at  the  ~idar  receiver  and  a  relatively  large  bandwidth  filter 
which  can  accomodate  the  two  probe  wavelengths,  to  reduce  daylight  background  noise  to 
acceptable  levels. 

For  a  polarization  discrimination  DIAL  scheme  of  this  type,  the  depolarization  inherent 
in  atmospheric  backscatter  process  is  clearly  of  key  importance  as  a  potential  source  of 
error,  and  is  the  subject  of  this  paper.  An  examination  of  atmospheric  features  is  carried 
out  in  section  II  to  determine  the  factors  affecting  polarization  retention  in  elastic 
backscatter.  The  primary  mechanisms  expected  to  be  responsible  for  depolarization  of 
backscatter  lidar  signal  received  are  identified  and  their  combined  effects  are  analyzed  in 
the  context  of  their  impact  on  a  polarization  discrimination  DIAL  scheme.  Based  on  that 
analysis  a  backscatter  model  is  developed  for  the  depolarization  expected. 

Section  III  describes  the  experimental  demonstration  of  a  polarization  lidar  system  and 
the  field  tests  on  atmospheric  depolarization  carried  out  with  the  complete  system 
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operating  at  a  wavelength  of  4500A.  Section  IV  presents  the  experimental  results  which 
confirm  the  backscatter  model  developed  and  shows  values  of  depolarization  under  various 
scattering  conditions. 

II.  ATMOSPHERIC  DEPOLARIZATION  PROCESSES 

The  physical  processes  that  can  cause  depolarization  in  atmospheric  elastic  backscatter 
which  are  considered  here  include  clear  air  turbulence,  molecular  (Rayleigh)  scattering, 
particulate  (Mie)  scattering  from  symmetric  and  non-symmetr ic  particles,  scattering  by  large 
particles  and  multiple  scattering. 

For  clear  (molecular)  air  turbulence,  expressions  for  the  mean  square  polarization  angle 
fluctuation  have  been  obtained4  showing  a  A1  dependence,  and  found  to  give  less  that  10*’ 
rad/Km  rms  change  in  polarization  angle  for  optical  wavelengths .  Therefore  the 

cross-polarized  components  of  backscatter  produced  will  be  180dB  below  the  backscatter  of 
the  original  polarization  and  negligible  as  far  as  practical  lidar  considerations  are 
concerned . 

Rayleigh  theory  developed  for  the  scattering  of  linearly  polarized  light  by  isotopic 
non-conducti ve  particles  with  size  small  compared  to  the  wavelength  of  the  incident 
radiation  predicts  no  depolarization  from  backscattering .  However,  due  to  the  actual 
anisotropy  of  the  atmospheric  molecules  ,  a  contribution  to  the  total  depolarization  should 
be  expected  from  Rayleigh  scattering.  The  amount  of  depc1 arization  can  be  expressed  by  the 
linear  depolarization  ratio  5"  equal  to  lc  /Ie  ,  where  IP  is  the  intensity  corresponding  to 
the  scattered  field  component  which  is  parallel  to  the  incident  field,  and  Ie  the  intensity 
corresponding  to  the  component  of  the  scattered  field  which  is  perpendicular  to  the  incident 
field  (cross-polarized).  The  depolarization  ratio  can  be  calculated  for  scattering  by  single 
particle  using  Stoke ' s  parameters  (If  ,IC  ,U,V)  to  express  the  polarization  properties  of  each 
field  i.e.  incident  and  scattered,  and  a  scattering  matrix  depending  on  the  scattering 
geometry  and  the  properties  of  scatterers.  The  matrix  elements  are  functions  of  the 

polarizability  tensor5 of  the^  individual  molecule  and  their  values  as  well  as  values  of  &  in 
the  visible  region  5000-6000A  have  been  reported* for  molecules  such  as  N,  ,02,C02,  and  H-O. 

Assuming  as  is  reasonable  with  the  small  Rayleigh  backscatter  cross-section,  that  only 
singly  scattered  radiation  is  relevant  to  the  lidar  signal  received,  the  weighted  sum  of  £  ' s 
for  the  air  molecules  turns  out  to  be  £My  =0.015  which  is  in  agreement  with  the  value 
0.014  measured* for  dry  air.  Condidering  however  that  for  typical  lOKm  visibility  at  5000A 
the  Rayleigh  backscatter  coefficient  is  less  than  the  Mie  backscatter  coefficient  by  a 
factor  of  20,  the  affective  contribution  from  Rayleigh  backscatter  to  the  total 
depolarization  resulting  from  both  Rayleigh  and  Mie  backscatter  will  be  S’rh-z/20.  This  amount 
of  depolarization  is  expencted  to  have  negligible  effect  on  the  accuracy  of  a  DIAL  system 
measuring  pollutant  concentration. 

The  next  scattering  process  considered  is  particulate  (Mie)  scattering.  Mie  theory 

developed  for  spherical,  homogeneous,  isotropic,  dielectric  particles  with  radius  comparable 
to  or  larger  than  the  wavelength  of  the  incident  radiation  predicts  no  depolarization  for 
single  backscattering  of  linearly  polarized  light.  In  general,  however,  atmospheric 
scattering  is  not  isotropic  and  particles  are  not  spherical  and  dielectric.  Therefore 
depolarization  must  be  expected  from  Mie  scattering  which  is  more  important  due  to  the 
nigher  scattering  cross-section  associated  with  this  process,  compared  to  Rayleigh 

scattering.  At  this  point  it  is  interesting  to  consider  two  categories  of  Mie  particles: 

symmetric  and  non-symmetric . 

In  both  cases  for  a  single  particle  a  scattering  matrix  A  can  be  defined  relating  the 
incident  field  E  to  the  scattered  field  E'  by  the  relationship 


E 


P 


E 

c 


where  p  and  c  indicate  components  of  the  field  parallel  and  perpendicular  respectively  to 
the  plane  of  scattering.  The  plane  of  scattering  is  determined  by  the  directions  of 
propagation  of  the  incident  and  scattered  fields. 

For  Mie  particles  with  reflectional  symmetry  about  the  scattering  plane  it  can  be  shown 
that  the  scattering  matrix  is  a  diagonal  matrix.  In  that  case  incident  radiation  with 
electric  vector  parallel  or  perpendicular  to  the  plane  of  scattering  will  not  by 
depolarized.  It  is  therefore  clear  that  for  forward  scatter  or  backscatter  there  will  be  no 
depolarization  by  particles  which  have  rotational  symmetry  with  the  axis  of  rotation 
oriented  parallel  to  the  direction  of  an  incoming  beam. 

Thus  water  droplets  which  are  spherical  or  spherical  dust  particles  will  cause  no 
depolarization  of  backscatter  at  the  direction  of  an  axis  of  symmetry  of  the  particle. 
However  in  the  general  case  of  non-symmetric  particle(s)  or  groups  of  symmetric  particles 
randomly  oriented8,  the  backscattered  radiation  will  be  depolarized. 
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For  particles  where  the  radius  of  curvature  is  much  larger  than  the  wavelength  of  the 
incident  radiation  (large  particles)  it  is  reasonable  to  consider  the  scattering  from  their 
surface  in  the  context  of  scattering  from  a  plane.  In  that  case  theoretical  results’ 
indicate  no  depolarization  for  180°  backscatter  while  scattering  at  other  angles  will  in 
general  be  depolarized. 

As  a  consequence  of  the  above  discussion,  the  two  expected  main  sources  of 
depolarization  in  signals  backscattered  to  the  lidar  receiver  can  now  be  identified; 

The  first  one  ,  is  the  depolarization  of  single  step  backscatter  radiation  from 
non-symmetric  particles,  where  the  wavelength  A, is  not  much  smaller  than  p  ,  the  radius  of 
curvature  of  the  particle  reflecting  surface;  In  that  case  the  backscattered  component 
would  be,  as  discussed,  depolarized. 

The  second  source  of  depolarization  is  multiple  scattering  resulting  from  both 
symmetric  and  non-symmetric  particles.  Under  these  circumstances  the  light  scattered  more 
than  once  at  angles  other  than  180°  (backscatter),  or  0“  (forward  scatter),  will  be 
depolarized;  Again,  it  can  be  deduced,  because  of  the  random  orientation  of  particles  and 
scattering  angles,  that  backscattered  light  scattered  more  than  once  reaching  the  lidar 
receiver  will  generally  be  unpolarized.  Because  the  backscatter  coefficients  are  all 
relatively  small,  for  typical  visibilities  (5-20  Km),  multiple  scattering  resulting  from 
more  than  two  interactions  can  be  neglected. 

Clearly  detected  depolarization  resulting  from  multiple  scattering,  will  be  decreased 
if  the  acceptance  angle  of  the  receiver,  is  reduced  from  ,  Fig .  3  to  9  , since  the  multiple 
scattered  component  in  the  total  backscatter  received  is  reduced;  Furthermore,  since  the 
amount  of  multiple  scattering  entering  the  receiver  is  approximately  dependant  on  the  area 
in  the  backseat  ter  i  ng  plane  that  is  viewed  by  the  receiver  it  can  be  expected  to  increase 
with  the  square  of  the  receiver  field  of  view  cx  ,  at  least  for  small  receiver  acceptance 
angles,  until  intensity  along  the  scattering  plane  starts  to  be  decreased  more  rapidly,  by 
the  inverse  square  law  and  hence  reduce  the  rate  of  increase  of  the  polarized  backscatter 
with  acceptance  angle. 

Thus  the  total  depolarized  backscatter  is  expected  to  be  the  sum  of  the  single  step 
180°  backscatter  processes  from  non-symmetric  particles,  plus  the  component  due  to  multiple 
(two-step)  scattering  from  both  symmetric  and  non  -  symmetric  particles;  If  the  field  of 
view,  «  is  larger  than  the  outgoing  beam  divergence  9,  the  first  component  due  to  single 
step  backscatter  will  be  constant  as  the  receiver  acceptance  angle  «  is  further  increased; 
Thus  the  total  depolarized  portion  of  the  lidar  return  under  these  circumstances  will  have 
a  component  constant  with  increasing  cx  ,  (beyond  <X  =9)  due  to  single  step  180°  backscatter, 
plus  a  component  that  increases  initially  approximately  with  cx1  then  more  slowly  due  to 
multiple  (two-step)  backscatter  process; 

'without  knowing  the  density  distribution  of  nor. -  cy..imetr ic  particles,  and  the  relative 
density  of  symmetric  ones  it  is  not  possible  to  make  an  estimate  of  relative  magnitude  of 
the  components; 

III.  THE  EXPERIMENT 

To  demonstrate  the  viability  of  the  polarization  discrimination  scheme,  the  lidar  system 
was  designed  fore  the  detection  of  N02  with  the  two  close-lying  wavelengths  situated  at 
4478. 5A  and  4500A  corresponding  to  an  absorption  peak  and  trough  respectively  in  the  N02 
absorption  spectrum.  The  polarization  discrimination  DIAL  lidar  system  consisting  of  a 
flashlamp  pumped  dye  laser  transmitter  and  an  optical  receiver  is  illustrated  in  Fig. 2.  The 
main  elements  of  the  system  are  discussed  briefly  in  this  section,  with  consideration  given 
to  their  features,  which  impact  on  the  polarization  discrimination  scheme. 

The  Lidar  transmitter  shown  in  Fig. 4  is  a  f lashlamp-pumped  organic  dye  laser  system 
(model  DL2100B  made  by  Phase-R  Co)  capable  of  producing  short  laser  pulses  (250  nsec)  at 
power  levels  of  the  order  of  1  MWatt.  Two  diffraction  gratings  are  used  in  the  laser  cavity 
as  tuning  elements  for  wavelength  selection  and  for  reduction  of  the  dye  laser  output 
linewidth  to  desired  level.  The  gratings  are  used  in  a  Littrow  configuration  with  the  Blaze 
angle  in  the  first  order.  With  the  organic  dye  7-diethylami no  -4-  methyl  coumarine 
dissolved  in  methanol  at  concentration  3xl0'5  M/1  maximum  output  energy  was  obtained 
consistent  with  less  than  10A  linewidth  in  the  wavelength  region  near  4500A.  The 
temperature  of  the  flowing  dye  was  kept  at  15  °C  where  the  dye  was  found  to  operate  more 
efficiently.  To  obtain  laser  action  at  two  orthogonally  polarized  wavelengths 
simultaneously,  a  dielectric  coated  polarizing  beam-splitter  was  selected  and  used  in  the 
laser  cavity.  With  the  beam  splitter  each  of  the  two  wavelength  lases  along  one  of  the 
polarizations  and  the  two  output  beams  are  polarized  at  right  angles  to  each  other. 

The  two  gratings  were  adjusted  to  have  their  groove  profile  perpendicular  to  the 
direction  of  polarization  of  the  incident  beam  determined  by  the  orientation  of  the 
mtracavity  polarizing  element.  That  was  found  to  give  the  best  diffraction  efficiency  for 
the  gratings  used.  Measurements  of  the  laser  output  showed  no  detectable  swing  in 
wavelengths  or  change  in  peak  output  from  shot  to  shot,  while  the  polarization  extinction 
ratio  was  found  to  be  less  than  10'5  for  both  polarizations.  The  output  beam  divergence  was 
found  less  than  1  mrad.  From  the  described  transmitter  design  it  is  clear  that  the  system 
can  be  adjusted  to  transmit  two  orthogonally  polarized  beams  at  the  two  wevelengths  4478. 5A 
and  4500A  suitable  for  NOi concentrat ion  measurements,  or  to  transmit  one  polarized  beam  at 
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4500A  by  using  one  grating  for  atmospheric  depolarization  measurements.  To  guide  the  laser 
beam  from  the  laser  output  to  emerge  colinearly  with  the  axis  of  the  lidar  receiver,  front 
surface  aluminum  mirrors  were  used  as  shown  in  Fig. 2.  It  was  found  that  the  minimum 
depolarization  from  reflection  occured  when  the  direction  of  polarization  of  the  incident 
beam  was  parallel  or  perpendicular  to  the  plane  of  incidence.  The  depolarization  under 
these  circumstances  was  found  to  be  too  small  to  be  detected,  in  contrast  to  other  relative 
inclinations  of  the  plane  of  polarization  and  the  plane  of  reflection  where  depolarizations 
as  high  as  2-3  percent  were  detected.  Accordingly  the  orientations  of  the  mirrors  used  to 
deflect  the  beams  were  arranged  to  comply  with  the  above  requirements  for  minimum 
depolarization  by  ensuring  appropriate  orientations  of  their  planes  of  incidence  to  the 
polarizations  of  the  two  outgoing  wavelengths. 

In  the  optical  receiver  shown  schema t i cal ly  in  Fig. 2  the  backscattered  light  is 
collected  by  a  telescope.  The  primary  lens  is  an  acrylic  Fresnel  lens  with  diameter  15 
inches,  thickness  1/8  inch  and  focal  length  24  inches.  To  eliminate  spurious  light,  an  iris 
was  placed  in  the  plane  containing  the  circle  of  least  confusion  of  the  Freshel  lens.  By 
varying  the  iris  diameter,  the  receiver  field  of  view  can  be  narrowed  or  expanded.  The 
backscattered  light  collected  by  the  primary  lens  is  collimated  by  a  second  lens  1.5  inch 
in  diameter.  The  collimated  light  is  then  split  according  to  polarization  by  means  of  a 
Glan-Taylor  polarizing  beam  splitting  crystal  which  has  a  principal  transmittance  ratio  of 
approximately  10 6  .  The  angular  orientation  of  the  crystal  was  adjusted  to  give  maximum 
transmittance  for  backscattered  fields  retaining  the  polarization  directions  of  the 
outgoing  beams.  Each  of  the  separated  beams  is  directed  to  a  separate  photomultiplier 
(Amperex  56  AVP )  with  wideband  filters  at  the  imput.  The  photomultiplier  signal  is 
displayed  on  Tektronix  type  549  storage  scope  and  recorded  photographically.  Again  from  the 
receiver  design  it  is  clear  that  the  receiver  ~->n  be  used  to  separate  anJ  measure  the 
backscatter  returns  from  orthogonally  polarize.  ar  outputs  at  4478. 5&  and  4500&  for  DIAL 
applications,  or  separate  the  parallel  ana  e  cross-polarized  component  from  the 
backscatter  of  a  single  linearly  polarized  lidar  output  at  4500&,  for  atmospheric 
depola r i za t ion  measurements.  Although  the  lidar  transmitter  and  receiver  systems  achieve 
what  is  required  of  them  for  use  in  a  polarization  discrimination  scheme  it  remains  to 
determine  in  the  experiment  whether  external  factors  related  to  atmospheric  scattering 
properties  permit  practical  implementat ion  of  the  scheme. 

Using  the  polarization  discrimination  DIAL  system  field  tests  were  carried  out  from  the 
CCNY  Laboratory  window  to  measure  atmospheric, depolarization .  The  lidar  system  was  operated 
in  a  series  of  tests  at  a  wavelenth  of  4500A.  The  transmitted  signal  was  sent  out  at  one 
polarization  and  the  received  signal  detected  at  the  same  polarization  (for  reference)  and 
the  cross  polarization,  to  observe  the  depolarization  effects  due  to  the  atmospheric 
backscatter,  as  function  of  the  field  of  view  of  the  lidar  receiver. 

The  field  of  view  of  the  receiver  was  varied  by  means  of  the  variable  aperture  iris  at 
the  focal  point  of  the  Fresnel  lens  collector.  The  aperture  of  the  iris  could  be  varied 
from  1  cm  down  to  zero. 

To  determine  the  receiver  field  of  view,  as  a  function  of  iris  diameter,  a  Helium-Neon 
laser  was  mounted  in  front  of  the  telescope  and  its  inclination  varied  and  measured  with 
respect  to  the  lidar  receiver  axis  to  determine  the  maximum  acceptance  angle  for  different 
iris  apertures.  A  typical  lidar  return  obtained  with  receiver  field  of  view  of  1.5  mrad  on 
a  relatively  clear  spring  day  is  shown  in  Fig. 5.  Returns  at  that  time  were  very  steady, 
giving  less  that  2  percent  variation  from  shot  to  shot  for  the  same  aperture  setting.  The 
parallel  and  cross  polarized  returns  were  obtained  simultaneously  for  both  the  parallel  and 
cross  polarized  components. 

IV.  RESULTS  AND  DISCUSSION 

The  results  of  the  series  of  tests  at  4500A  are  shown  in  Fig. 6,  where  the 
depolarization,?,  of  a  signal  backscattered  from  a  distance  of  approximately  1  Km  is 
plotted  as  a  function  of  the  receiver  field  of  view,<x.  Below  1  miliradian  setting,  the 
signal  decreased  rapidly  as  the  receiver  aperture  decreased  below  the  divergence  of  the 
outgoing  beam. 

To  further  analyze  the  results,  they  are  shown  in  Fig. 7  plotted  on  log-log  coordinates. 
It  can  be  seen  that  up  to  a  field  of  view  of  6  miliradians,  the  depolarized  signal 
increases  approximately  as  the  square  of  the  field  of  view  (receiver  acceptance  angle). 
Beyond  that,  the  depolarized  signal  ceases  to  increase  as  rapidly.  These  results  are  in 
conformity  with  the  simple  geometrical  picture,  explaining  the  depolarization  as  the  sum  of 
a  single  step  (180°)  backscatter  process  plus  two  step  scattering  from  all  other  particles. 

As  can  be  seen  from  the  results,  by  limiting  the  field  of  view  to  approximately  1 
miliradian,  or  easily  larger  than  the  minimum  necessary  to  encompass  the  transmitted  beam 
divergence  of  0.5  miliradians,  the  depolarization,  $  ,  was  less  than  1%  at  no  significant 
reduction  of  the  polarized  signal  power. 

The  results  demonstrate  that  a  DIAL  system  using  polarization  discrimination  to  separate 
backscatter  signals  will  not  be  significantly  affected  by  depolarization  effects  as  long  as 
receiver  acceptance  angle  is  small  enough  to  eliminate  multiple  backscatter. 
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Fig. 2.  Schematic  for  DIAL  lidar  system  utilizing  polarization  discrimination 


Fig. 3.  Reduction  of  received  multiple  backscatter  by  decreasing  the  receiver 
acceptance  angle 
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Fig. 4.  Optical  arrangement  for  two  simultaneous  orthogonally  polarized  wavelength 
outputs 
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Fig. 5.  Parallel  and  cross  polarized  LIDAR  returns 
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Abstract 

Over  the  past  several  years  diode  laser  use  has  been  expanding  into  both  the  basic  and  applied  realms  of 
atomic  physics.  To  date  near  IR  diode  lasers  have  found  application  in  the  cooling  of  atomic  beams  to  tempera¬ 
tures  of  only  a  few  degrees  Kelvin,  and  they  are  being  incorporated  into  the  development  of  next  generation 
atomic  clocks.  In  the  present  paper  the  diode  laser  characteristics  that  are  of  particular  importance  to  the 
atomic  physicist  will  be  outlined,  and  two  examples  of  the  use  of  diode  lasers  in  atomic  physics  will  be  reviewed. 


I.  Introduction 

The  credit  for  the  first  successful  atomic  physics  experiment  employing  a  semiconductor  laser  belongs  to 
Bolger  and  Diels,1  who  in  1968  used  a  rapidly  pulsed  GaAs  laser  to  generate  photon  echoes  in  a  cesium  vapor. 
More  significant  than  any  claim  of  primacy,  however,  was  Bolger  and  Diels  recognition  that  diode  lasers  had 
unique  characteristics  that  could  make  them  attractive  for  atomic  physics  research;  in  their  specific  case  it  was 
the  unique  characteristic  of  a  very  rapid  dynamic  response.  Yet  despite  their  impressive  demonstration,  the  next 
twelve  years  saw  relatively  little  application  of  these  devices  to  problems  in  atomic  physics  research.  This  is  not 
to  sa\  that  diode  lasers  were  completely  ignored  by  the  atomic  physics  community:  Bykovskii  and  Velichanskii  in 
the  Soviet  Union  (and  their  colleagues),  as  well  as  Arditi  and  Picque  in  France  performed  a  series  of  important 
investigations  with  diode  lasers  throughout  the  seventies.2  Nontheless,  when  compared  with  the  dye  laser,  the 
diode  laser's  influence  on  the  course  of  atomic  physics  research  was  insignificant.  Apparently,  the  diode  lasers 
that  were  available  during  this  period  were  just  too  difficult  to  work  with,3  and  did  not  offer  enough  of  an  advan¬ 
tage  over  the  dye  laser  to  justify  the  extra  experimental  efforts  that  were  required  for  their  atomic  physics  appli¬ 
cations.  All  of  this  changed  in  the  early  eighties  with  the  introduction  of  commercial,  room-temperature,  single¬ 
mode  AIGaAs  diode  lasers,  and  today  a  growing  number  of  atomic  physics  research  groups  are  taking  advantage 
of  the  unique  characteristics  that  these  devices  offer. 

In  the  following  sections  of  this  paper  I  intend  to  discuss  these  room-temperature,  single-mode  diode  lasers 
with  regard  to  their  application  in  atomic  physics.  In  section  II  some  characteristic*  of  the  diode  laser  that  are 
particularly  attractive  for  atomic  physics  research  will  be  discussed.  Though  the  specific  items  considered  in  this 
section  will  not  exhaust  the  list  of  possibilities,  they  will  nevertheless  convey  a  sense  of  how  the  atomic  physicist 
perceives  the  diode  laser  in  relation  to  his  investigations.  To  clarify  this  perception  two  examples  of  the  diode 
laser  *  use  in  atomic  physics  will  then  be  presented  in  section  III.  Finally,  in  section  IV  the  diode  laser's  future  in 
atomic  physics  will  be  assessed. 


II.  Some  important  diode  laser  characteristics 


A.  Sorrow  / .ii;i’nidih 

The  ! inewidth  of  a  single-mode  diode  laser  AvL  is  determined  by  quantum  noise  in  the  laser  cavity,  and  is 
therefore  described  by  the  modified  Schawlow-Townes  relationship:  the  linewidth  is  proportional  to  the  rate  of 
flourescence  into  the  lasing  mode  and  inversely  proportional  to  the  number  of  laser  photons  in  the  cavity.4  This 
simple  relationship,  however,  is  complicated  slightly  in  the  case  of  semiconductor  lasers,  due  to  the  fact  nat  the 
active  region's  index  of  refraction  depends  on  carrier  density.  Specifically,  though  individual  flourescem  hotons 
may  add  egligible  random  phase  to  the  field,  the  fact  that  the  carrier  density  undergoes  relaxation  osci,  ations 
after  a  fluorescent  event  implies  that  the  phase  of  the  entire  laser  field  is  also  modulated  after  a  flourescent 
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event.  This  modulation  significantly  enhances  the  phase  noise  of  the  laser,  and  results  in  AIGaAs  laser 
linewidths  roughly  ar,  order  of  magnitude  larger  than  what  would  be  predicted  by  the  modified  Schawlow- 
Townes  relationship  alone:  A^L(observed)=  10-100  MHz.5 

Diode  laser  linewidths  narrower  than  this  can  be  achieved,  however,  by  employing  simple  optical  feedback 
techniques.  In  essenee,  by  reflecting  laser  light  back  into  the  active  region  a  ’’normal”  two-mirror  diode  laser 
cavity  is  turned  into  a  three-mirror  laser  cavity,  and  this  reduces  the  quantum  noise  limited  linewidth  in  two 
ways."  First,  since  the  third  mirror  is  typically  placed  at  macroscopic  distances  from  the  diode,  the  three-mirror 
cavity  modes  are  more  closely  spaced  than  in  the  two-mirror  case,  which  implies  that  the  flourescent  photons  are 
distributed  over  more  modes  in  the  feedback  situation.  Consequently,  the  fraction  of  total  spontaneous  emission 
entering  the  single  lasing  mode  is  reduced.  Additionally,  since  the  longer  three-mirror  cavity  stores  more 
energy,  the  number  of  photons  in  the  cavity  is  increased.  As  an  example  of  the  type  of  linewidth  reductions  that 
are  possible.  Dahmani  et  al.7  were  able  to  obtain  estimated  diode  laser  linewidths  of  approximately  20  KHz 
quite  easily  using  an  external  etalon  for  optical  feedback. 

Laser  linew  idths  of  10  MHz  or  less  are  more  than  adequate  for  many  types  of  atomic  physics  experiment. 

For  example,  laser  spectroscopy  is  an  important  aspect  of  modern  atomic  physics,  and  one  can  show  that  the 
natural  linewidth  Avn  of  an  electric  dipole  transition  connected  to  an  atomic  ground  state  ( |  1  > )  has  the  form: 

4*roc  Si 

~  -  —  f, 

a2  S2 

w  here  r0  is  the  classical  electron  radius,  f  is  the  transition  oscillator  strength  and  g|  is  the  degeneracy  of  the  i,h 
state.''  For  strongly  allowed  transitions  (f-  1)  in  the  AIGaAs  wavelength  range  this  expression  yields  Ai/n  -  15 
MHz.  Consequently,  for  atomic  physicists  interested  in  high  resolution  spectroscopy,  the  diode  laser  is  an 
extremely  attractive  source  of  narrow-band  optical  radiation.7 

In  addition  to  spectroscopy,  atomic  physics  experiments  employing  optical  pumping  can  also  require  narrow 
linewidth  lasers.  As  an  example,  consider  optical  pumping  of  cesium,  illustrated  in  Fig.  1,  which  has  application 
to  atomic  clocks.  Primarily  as  a  result  of  the  hyperfine  interaction  between  the  magnetic  moments  of  the  cesium 
nucleus  and  the  valence  electron,  both  the  ground  (62S^2)  and  fir«?  excited  states  (62P,/2  and  62P3/,2)  of  cesium 
are  split  into  various  hyperfine  levels  which  are  labelled  by  a  total  atomic  angular  momentum  quantum  number 
F.1'1  Since  the  energy  level  splitting  between  the  two  ground  state  hyperfine  levels  is  only  about  10'5  kT  at  typi¬ 
cal  experimental  temperatures,  atomic  population  is  equally  distributed  among  the  various  Zeeman  sublevels  of 
these  hyperfine  states  in  thermal  equilibrium.  (The  Zeeman  sublevels  are  labelled  by  the  azimuthal  quantum 
number  mp)  Consequently,  the  atomic  system  is  incapable  of  absorbing  microwave  radiation  corresponding  to 
this  atomic  ground  state  hyperfine  transition  at  9193  MHz. 
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If  an  AlGaAs  diode  laser  (nominal  ouput  power  -  10  mW)  is  tuned  to  the  62P,/2(F  =  4)  -  6'S,y-,(F  =  4)  transi¬ 
tion  at  S52.  I  nm.  then  after  several  absorption  and  emission  cycles  a  significant  population  imbalance  between 
the  ground  state  F  =  4  and  F  =  3  hvperfine  manifolds  will  be  created.  This  ground  state  optical  pumping  occurs 
because  an  atom  in  the  excited  state  can  decay  into  either  of  the  ground  state  hyperfine  manifolds,  and  because 
the  narrow  laser  linewidth  ensures  that  population  in  the  F  =  3  hyperfine  manifold  will  not  be  excited.11  The 
depletion  of  the  atomic  ground  state  population  in  the  F=4  hyperfine  manifold  can  be  experimentally  moni¬ 
tored  by  observ  ing  the  corresponding  decrease  in  laser-induced-flouresence  (LIF)  from  the  optically  pumped 
ensemble  of  cesium  atoms.  Now  consider  applying  a  microwave  field  to  the  optically  pumped  ensemble.  If  the 
microwave  frequency  is  within  -  1CF7  of  the  ground  state  hyperfine  transition  frequency,  then  atomic  population 
will  return  to  the  'vocally  absorbing  F  =  4  hyperfine  manifold,  and  there  will  be  an  increase  in  the  detected  LIF. 
In  an  optically  pumped  atomic  clock,  the  increased  L.IF  signal  can  be  used  to  stabilize  the  output  of  a  quartz 
crvMa!  oscillator  to  the  atomic  transition  frequency,  and  the  stabilized  quartz  crystal  frequency  can  then  be  used 
to  generate  an  ultra-stable  atomic  time  scale.1' 

II 

!.:  atomic  physics  applications  wavelength  tuning  of  the  diode  laser  is  typically  accomplished  by  varying  the 
diode  s  temperature.  For  the  binary  I1I-V  semiconductor  compounds  an  increase  in  the  material's  temperature 
results  in  a  reduction  of  the  bandgap  energy,17  which  in  turn  results  in  a  shift  of  the  gain  curve  to  longer  wave¬ 
lengths.  Additionally,  the  material's  index  of  refraction  is  temperature  dependent,14  so  that  an  increase  in 
temperature  yields  an  increased  optical  length  for  the  laser  cavity,  and  hence  a  shift  of  the  cavity  mode  wave¬ 
lengths.  For  AlCiaAs  lasers  the  peak  of  the  gain  curve  and  the  cavity  modes  shift  at  rates  of  approximately  0.25 
nm  'V  and  ().0b5  nm/°C.  respectively."1-''  Since  the  peak  of  the  gain  curve  snifts  to  longer  wavelengths  faster 
than  the  cavity  modes,  diode  laser  tuning  curves  are  characterized  by  mode  hops,  which  occur  when  the  peak  of 
the  gain  curve  shifts  from  the  Mlh  cavity  mode  to  the  (M  +  m)lh  cavity  mode.  Though  typically  m=  1,  values  of  m 
larger  than  unity  as  well  as  negative  m  values  have  been  observed.16  In  general,  however,  the  tuning  curve  takes 
on  the  ''staircase"  appearance  illustrated  in  Fly.  2:  i)  mode  hops  have  positive  values  of  -  0.3  nm.  ii)  the  continu¬ 
ous  tuning  ranges  tire  on  the  order  of  0.1  nm,  and  the  full  staircase  may  span  a  range  as  large  as  10  nm.  It  is 
important  to  note  that  at  AIGaAs  diode  laser  wavelengths  the  continuous  tuning  ranges  correspond  to  -  50  GHz 
optical  frequency  changes,  which  for  many  atomic  physics  experiments  is  a  fairly  broad  continuous  tuning  inter- 
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Figure  2.  Illustrative  diode  laser  tuning  curve. 

In  diode  lasers  two  major  sources  of  heat  are  nonradiative  recombination  of  carriers  and  photon  reabsorp¬ 
tion. 17  Since  both  of  these  heating  processes  are  linear  functions  of  the  injection  current,  to  first  order  there  is  a 
linear  relationship  between  diode  laser  optical  frequency  and  current.  Consequently,  in  a  typical  spectroscopy 
experiment  the  signal  from  an  atomic  ensemble  (e.g.,  LIF)  is  plotted  as  a  function  of  injection  current.  To  cali¬ 
brate  this  spectrum  it  is  standard  practice  to  employ  the  laser’s  transmission  through  a  high  finesse  Fabry-Perot 
etaion  a'  a  frequency  marker:  every  time  the  la..cr  scans  a  frequency  interval  equal  to  the  free-spectral-range  of 
the  etaion.  a  mark  is  made  on  the  atomic  spectrum.  It  is  with  regard  to  this  calibration  procedure  that  diode 
l.nir-  may  have  an  additional  advantage  for  laser  spectroscopy. 


In  a  recent  series  of  experiments  the  continuous  tuning  region's  degree  of  linearity  was  investigated  for 
several  TJS  diode  lasers  (Transverse-Junction-^tripe).  Specifically,  a  quadratic  relationship  between  optical 
frequency  and  injection  current  was  assumed,  and  the  magnitude  of  the  quadratic  coefficient  was  estimated. 

The  results  showed  that  for  an  approximately  one  milliamp  current  change,  the  quadratic  coefficient  had  a  value 
less  than  0.2%  of  the  linear  coefficient,  which  for  these  lasers  is  -  -9  GHz/mA  (the  value  of  0.2%  was  set  by  the 
experimental  precision).18  With  regard  to  spectroscopy  this  result  suggests  that  if  one  knows  the  value  of  the 
linear  coefficient,  perhaps  by  calibrating  the  diode  laser  with  some  known  atomic  energy  level  spacing,  one  can 
do  away  with  the  requirement  for  a  high  finesse  etalon  in  many  atomic  spectroscopy  experiments. 

C.  Rapid  Qx/uimt  Response 

V\  ith  regard  to  atomic  physics  the  most  important  dynamic  variable  of  the  diode  laser  is  its  wavelength,  and 
this  can  be  either  modulated  or  chirped  rapidly  by  varying  the  laser's  injection  current.  As  illustrated  in  Fig.  3, 
the  diode  laser's  modulation  depth  (d  v/di)  as  a  function  of  modulation  frequency  f,  is  essentially  described  by 
three  seperate  regimes  of  operation.19  For  modulation  frequencies  below  about  100  KHz,  modulation  of  the 
injection  current  results  primarily  in  a  modulated  heating  of  the  diode  laser  (i.e.,  "thermal"  regime),  and  modula¬ 
tion  depths  of  approximately  3-10  GHz/mA  for  AlGaAs  are  not  uncommon.  However,  for  modulation  frequen¬ 
cies  much  higher  than  this  the  thermal  response  of  the  laser  is  too  slow  to  keep  up  with  the  modulated  injection 
current,  and  a  "second-order"  effect  becomes  important:  the  dependence  of  the  semiconductor's  index  of  refrac¬ 
tion  on  carrier  density.  In  this  "carrier"  regime  modulation  depths  of  between  0.1  and  1  GHz/mA  are  obtained 
for  AlGaAs.  The  modulation  bandwidth  of  the  diode  laser  is  defined  by  the  relaxation  oscillation  resonance  of 
the  laser,  and  is  typically  around  a  few  gigahertz.20  In  addition  to  modulation,  rapid  sweeps  (or  chirps)  of  the 
laser's  optical  frequency  can  be  induced  by  applying  a  single  current  pulse  to  the  diode  laser,  and  rates  of  200 
MHz/nsec  have  been  reported  in  the  literature.21 
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Figure  3.  Typical  AlGaAs  modulation  depth  vs  modulation 
frequency  curve. 

The  intrinsic  rapid  dynamic  reponse  of  the  diode  laser  is  a  fairly  nr  ^cteristic  among  light  sources 

used  in  atomic  physics.  Lenth  has  shown  that  diode  lasers  can  be  em^iuyw-  without  any  great  effort  for  optical 
heterodyne  spectroscopy,  which  is  both  a  rapid  and  highly  sensitive  spectroscopic  technique;22  Camparo  has 
discussed  the  possibility  of  optical  adiabatic-rapid-passage  using  diode  lasers,  which  results  in  a  population 
inversion  between  the  two  levels  coupled  by  the  laser  field;2  and  as  demonstrated  by  Bolger  and  Diels  the  diode 
laser  can  be  easily  used  to  generate  photon  echoes  in  atomic  systems.1  Additionally,  the  ability  of  the  diode 
laser  wavelength  to  rapidly  tune  across  an  atomic  transition  could  allow  investigations  of  the  transient  behavior 
of  atomic  structure.23  For  example,  consider  an  atomic  system  that  experiences  a  perturbation  starting  at  some 
time  t  ,  perhaps  an  electromagnetic  perturbation.24  Taking  advantage  of  the  diode  laser's  rapid  chirping 
capability,  an  experimenter  could  tune  across  the  atomic  transition  at  time  t,  >t0,  and  again  a  short  time  later  at 
time  t-,,  and  then  again  at  time  t3>t2.  I  this  way  it  would  be  possible  to  obtain  information  regarding  the  evolu¬ 
tion  of  atomic  states  following  the  perturbation.  The  diode  laser’s  rapid  dynamic  response  therefore  has  great 
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utility  in  atomic  physics,  and  may  prove  to  be  one  of  this  laser's  most  important  characteristics  for  atomic  physics 
applications. 


III.  Two  Atomic  Physics  Applications  of  Diode  Lasers 


A.  Cooling  and  Trapping  of  Neutral  Atoms 

Recently,  there  has  been  considerable  interest  in  the  ability  of  lasers  to  both  produce  and  trap  ultra-cold 
atomic  ensembles,25  and  potential  applications  of  these  "laser  cooled"  samples  range  from  manipulating 
antihydrogen  to  advanced  atomic  clocks.26  As  an  example  of  laser  cooling  consider  a  beam  of  cesium  atoms 
interacting  with  a  counter-propogating  laser  beam,  which  is  tuned  to  the  cesium  first  resonance  transition 
(62Pj/-,  -  62Sj^2)  as  illustrated  in  Fig.  4.  In  this  particular  example  cooling  is  a  consequence  of  the  conservation 
of  linear  momentum  during  the  photon  absorption  process:  on  absorbing  a  photon  of  momentum  h/A  the  cesium 
atom's  velocity  must  be  reduced  in  the  direction  of  propogation  by  approximately  0.35  cm/sec.  After  a  relatively 
short  stay  in  the  excited  state  (-30  nsec)  the  atom  will  emit  a  flourescent  photon;  and  since  this  photon  can  be 
emitted  into  4  ir  steradians,  the  reduction  of  cesium  velocity  will  on  average  persist.  By  scattering  many  photons 
in  this  way  the  beam  of  cesium  atoms  will  be  slowed. 


Pl  =  h/X  p,  =  mv 


(3) 


v  r 

sm\ 


pa  =  mv  -  h/X 
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Figure  4.  Laser  cooling,  (a)  photon  absorption,  (b)  photon  emission, 

(c)  average  velocity  reduction. 

Though  the  above  description  of  the  cooling  process  may  seem  simple  enough,  its  practical  realization  often 
requires  the  laser  to  possess  certain  characteristics.  In  order  to  stop  a  thermal  cesium  atomic  beam  with  a  most- 
probable  speed  of  2.3  x  104  cm/sec  (T  =  150  °C)  over  a  one  meter  path  length,  it  is  necessary  for  the  laser  to 
have  an  output  intensity  of  between  10  to  100  mW/cm2.  Additionally,  there  is  a  Doppler  shift  of  the  atomic 
transition  to  the  blue  due  to  the  fact  that  the  atoms  are  moving  towards  the  light  source  (-  300  MHz  for  a  ther¬ 
mal  cesium  beam),  and  as  the  atoms  slow  this  Doppler  shift  wall  change.  Consequently,  in  order  to  keep  the 
laser  tuned  to  the  atomic  resonance  it  is  often  necessary  to  chirp  the  laser  frequency,  and  for  the  case  considered 
here  the  required  chirping  rate  amounts  to  -  -30  MHz/msec.  Thus,  laser  cooling  can  require  an  optical  source 
with  both  a  respectable  output  power  and  a  relatively  rapid  dynamic  response. 

As  previously  mentioned  diode  lasers  possess  both  of  these  characteristics,  in  addition  to  their  low  cost  and 
ease  of  operation,  and  quite  recently  this  laser's  capability  in  the  area  of  laser  cooling  was  demonstrated.  Using 
commercially  available  diode  lasers  Watts  and  Wieman27  slowed  and  stopped  a  thermal  beam  of  cesium  atoms. 
Additionally,  Wieman’s  group  demonstrated  that  this  slowed  beam  of  cesium  atoms  could  be  loaded  into  an 
optical  trap,28  where  three  orthogonal  beams  from  a  second  diode  laser  formed  the  confining  potential  well. 
Loading  the  trap  several  times,  Wieman  and  his  associates  obtained  a  sample  of  50  million  trapped  atoms, 
cooled  to  a  temperature  of  -  100 ^K.  These  results  not  only  illustrate  that  diode  lasers  can  cool  and  trap  atomic 
species,  they  indicate  that  laser  cooling  can  be  done  "easily"  and  inexpensively.  This  is  important,  since  there  are 
applications  of  laser  cooling  where  the  use  of  several  expensive  laser  systems  would  be  impractical. 

B.  Optical  Pumping  in  Atomic  Clocks 

By  international  agreement  the  second  is  defined  as  the  duration  of  9,192,631,770  periods  of  the  radiation 
corresponding  to  the  Cs133  ground  state  hyperfine  transition,12  and  this  definition  is  realized  in  Cesium-Beam 
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atomic  clocks  similar  to  that  shown  schematically  in  Fig.  5.  Here,  an  oven  produces  a  thermal  beam  of  cesium 
atoms  with  both  hyperfine  levels  evenly  populated.  The  beam  passes  through  the  inhomogeneous  field  of  an  "A- 
magnet,"  where  atoms  in  the  F  =  4  state  are  guided  into  a  microwave  cavity  of  the  Ramsey  design,29  and  atoms  in 
the  F  =  3  state  are  deflected  into  the  wall  of  the  vacuum  chamber  where  they  are  gettered.  (It  should  be  noted 
that  the  guiding  ability  of  the  A-magnet  is  a  function  of  the  atomic  velocities,  and  that  these  are  approximately 
Maxwell-Boltzmann  distributed.)  If  the  microwave  radiation  in  the  cavity  corresponds  to  the  mF=0  -  mF=0 
ground  state  hyperfine  transition,  which  to  first  order  is  insensitive  to  magnetic  fields,  then  on  exiting  the 
microwave  cavity  there  will  be  an  increased  density  of  atoms  in  the  F  =  3  state.  The  beam  then  passes  through 
the  inhomogeneous  field  of  a  "B-magnet"  which  guides  atoms  in  the  F=3  state  onto  a  detector.  Consequently, 
the  signal  at  the  detector  can  be  used  to  stabilize  the  source  of  microwave  radiation  to  the  Cs133  hyperfine  tran¬ 
sition  frequency  uhfs,  and  the  stabilized  microwave  source  can  then  be  used  to  generate  a  precise  time  scale. 
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Figure  5.  Conventional  Cesium-Beam  atomic  clock. 

The  performance  of  the  atomic  clock  is  specified  by  its  frequency  stability  and  frequency  accuracy.30 
Frequency  stability  refers  to  the  variance  of  statistical  fluctuations  associated  with  a  measurement  of  the  cesium 
ground  state  hyperfine  transition  frequency,  while  accuracy  refers  to  an  uncertainty  in  the  magnitude  of 
systematic  frequency  offsets  that  exist  in  the  device.  With  present  technology,  metrology  laboratories  typically 
achieve  a  frequency  stability  of  -  1014^hfs  and  a  frequency  accuracy  of  -  10"13vhfs  for  the  Cesium-Beam 


Figure  6.  Diode  Laser  Cesium-Beam  atomic  clock. 
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In  order  to  improve  the  realization  of  the  second,  several  metrology  laboratories  throughout  the  world  are 
building  the  next  generation  of  Cesium-Beam  clock,  and  as  illustrated  in  Fig.  6  this  atomic  clock  will  use  diode 
lasers  both  for  state  preparation  and  state  detection.31  As  noted  above  the  geometry  of  the  present  clock  design 
only  detects  a  small  subclass  of  atomic  speeds.  Furthermore,  only  1/16  of  all  atoms  emitted  from  the  oven  can 
contribute  to  the  clock  signal  (i.e.,  those  in  the  F  =  4,  mF  =  0  state).  Thus,  at  present  there  is  an  inefficient  use  of 
beam  flux.  However,  by  replacing  the  A  magnet  with  diode  lasers  all  atoms  will  be  optically  pumped  into  the 
(F  =  4,  mF  =  0)  state,  and  the  full  velocity  distribution  from  the  oven  will  contribute  to  the  clock  signal.  This  will 
improve  the  signal-to-noise  ratio  of  the  device,  and  hence  the  frequency  stability.  Additionally,  optical  pumping 
and  the  elimination  of  the  A  and  B  magnets  are  expected  to  significantly  reduce  the  magnitude  of  several  impor¬ 
tant  systematic  frequency  shifts  in  the  Cesium-Beam  clock,  yielding  an  improved  frequency  accuracy.32  Expecta¬ 
tions  are  for  an  order  of  magnitude  improvement  in  both  stability  and  accuracy  with  these  next  generation 
Cesium-Beam  atomic  clocks  employing  diode  lasers.32 


IV.  Present  and  Future  Trends 

As  evidenced  above,  diode  lasers  are  rapidly  becoming  an  important  tool  for  the  atomic  physicist.  This  trend 
is  not  only  a  result  of  the  desirable  characteristics  of  the  laser,  but  is  also  driven  by  the  fact  that  modern  diode 
lasers  are  very  inexpensive  and  fairly  simple  to  operate.  In  this  sense  the  impact  of  the  diode  laser  on  experi¬ 
mental  physics  can  be  likened  to  the  impact  of  the  personal  computer  on  theoretical  physics.  With  the  advent  of 
the  personal  computer,  theorists  found  themselves  in  possession  of  an  inexpensive  yet  powerful  computing 
machine,  and  today  a  host  of  modestly  funded  physicists  are  conducting  important  theoretical  investigations. 
Similarly,  diode  lasers  are  allowing  "small-scale"  researchers  (i.e.,  experimentalists  with  modest  financial 
resources)  to  make  significant  research  contributions.  However,  even  for  well  funded  research  facilities,  the  low 
cost  and  ease  of  operation  of  diode  lasers  can  be  of  consequence.  For  example,  a  little  more  than  a  decade  ago 
multi-laser  experiments  requiring  the  use  of  four  or  five  single-mode  lasers  would  have  been  considered  as 
impractical,  even  ill  conceived.  Today,  however,  this  need  not  be  the  case,  as  long  as  several  of  the  lasers  can  be 
diode  lasers.  Thus,  one  can  anticipate  an  ever  widening  role  for  the  diode  laser  in  both  basic  and  applied  atomic 
physics  research,  and  as  these  devices  push  to  higher  powers  and  shorter  wavelengths  one  can  only  expect  this 
trend  to  be  accelerated. 

The  future,  however,  is  not  without  its  darker  aspects.  Clearly,  diode  laser  wavelengths  are  not  driven  by 
applications  in  atomic  physics;  yet  as  far  as  the  atomic  physicist  is  concerned  the  premier  parameter  describing 
the  diode  laser’s  operation  is  the  nominal  room  temperature  emission  wavelength,  about  which  he  can  only 
expect  to  tune  by  +/-  5  nm  in  order  to  reach  his  specific  atomic  transition.  Consequently,  even  though  the  tech¬ 
nology  may  exist  to  fabricate  a  diode  laser  with  a  specific  nominal  wavelength  (e.g.,  by  an  appropriate  choice  of 
A1  in  the  active  region  of  an  AlGaAs  device),  the  laser  may  not  be  commerically  available,  and  the  atomic 
physicist  may  therefore  be  unable  to  perform  his  research.  This  is  unfortunate  not  only  for  the  physicist 
performing  basic  research,  but  also  for  the  industrial  scientist.  For  example,  though  theory  indicates  that  diode 
lasers  could  yield  several  orders  of  magnitude  improvement  in  the  performance  of  commercial  atomic  clocks,33 
manufacturers  are  hesitant  to  commit  R&D  resources  to  this  clock's  development  since  there  is  a  possibility  that 
the  required  lasers  will  not  be  available  in  the  future.  Thus,  though  there  is  certainly  a  bright  future  for  diode 
lasers  in  atomic  physics,  the  question  of  whether  this  future  includes  a  device  employed  to  its  full  potential 
remains  to  be  answered. 
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Abstract 


The  effects  of  optical  feedback  on  the  spectra  of  single  frequency  semiconductor  lasers  are  reviewed 
in  terms  of  their  impact  on  systems  requiring  spectral  purity  and  stability.  Effects  are  described, 
for  feedback  levels  from  -90  dB  up  to  -8  dB. 


Optical  feedback  effects  on  the  spectra  of  single  frequency  semiconductor  lasers*  can  severely  degrade 
the  performance  of  these  lasers  in  applications  such  as  coherent  lightwave  systems,  or  interferometric 
sensors,  which  rely  on  the  spectral  purity  of  the  emitted  light.  It  has  been  observed  that  feedback 
levels  as  small  as  -80  dB  can  significantly  narrow  or  broaden  the  laser  line  dth.  The  rich  variety 
of  effects,  arising  from  optical  feedback  can  be  categorized  into  five  distinct  regimes,  depending  on 
the  feedback  level  and  the  distance  to  the  reflection3.  The  five  regimes  of  feedback  effects  are: 

Regime  I:  at  the  lowest  levels  of  feedback,  narrowing  or  broadening  of  the  emission  line  is  observed, 
depending  on  the  phase  of  the  feedback.  Effects  are  observable  below  -80  dB  feedback  level. 

Regime  II:  at  a  feedback  level  which  depends  on  the  distance  to  the  external  reflector,  the  broadening, 
which  is  observed  at  the  lowest  levels  for  out-of-phase  feedback,  changes  to  an  apparent  splitting  of 
the  emission  line  arising  from  rapid  mode  hopping.  The  magnitude  of  the  splitting  depends  on  the  strength 
of  the  feedback,  and  on  the  distance  to  the  reflector. 

Regime  III:  as  the  feedback  is  increased  further,  at  a  level  which  does  not  depend  on  the  distance 
to  the  reflection  (approximately  -45  dB),  the  mode  hopping  is  suppressed,  and  the  laser  is  observed 
to  operate  on  a  single  narrow  line.  Rayleigh  backscatter  from  optical  fibers  falls  in  this  regime, 
and  causes  dramatic  frequency  shifts  in  the  laser  output3. 

Regime  IV:  at  a  feedback  level  which  does  not  depend  on  the  distance  to  the  reflection  (approximately 
-40  dB),  satellite  modes,  separated  from  the  main  mode  by  the  relaxation  oscillation  frequency,  appear. 
These  grow  as  the  feedback  increases  and  the  laser  line  eventually  broadens  to  as  much  as  50  GHz.  This 
has  been  termed  "coherence  collapse"^. 

Regime  V:  extended  cavity  operation  with  a  narrow  linewidth  is  observed  at  the  highest  levels  of 
feedback,  usually  greater  than  -10  dB;  typically  it  is  necessary  to  antireflection  coat  the  laser  facet 
to  reach  this  regime-. 

These  five  regimes  of  operation  are  experimentally  very  well  defined  and  the  transitions  between  then- 
are  easily  identified.  Figure  1  shows  the  feedback  power  ratios  at  which  the  transitions  between  regimes 
occur  as  a  function  of  the  distance  to  the  reflection. 
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Figure  1:  Plot  of  feedback  power  levels  at  which  transitions  between  regimes  occur,  as  a  function  of 
the  distance  to  the  reflection.  Lines  are  drawn  through  the  data  points  for  clarity. 


LIGHT  SCATTERING  BY  AIR,  HEATED  FROM  AN  AEROSOL, 


DUE  TO  PULSED  IRRADIATION 


George  W.  Sutton 
Vice  President 
JAYCOR 

P.O.  Box  85154 
San  Diego,  CA  92138-9259 


Abstract 


The  problem  of  the  scattering  by  air  that  has  been  locally  heated  by  aerosols  irradiated  by  a  short 
pulse  is  addressed,  through  use  of  the  heat  conduction  equation  and  scattering  theory.  The  resulting  air 
scattering  cross-section  increases  as  the  square  of  the  absorbed  fluence.  After  a  pulse,  it  increases  to 
a  maximum  and  then  decays  as  the  inverse  of  time.  For  absorbed  fluences  greater  than  2j/cm2,  the  air 
scattering  cross  section  can  exceed  that  of  the  aerosol  itself.  For  multiple  irradiation  pulses,  the  air 
scattering  cross  section  increases  logarithmically.  For  an  aerosol  cloud,  the  maximum  air  scattering 
cross  section  corresponds  to  the  smallest  size  in  the  distribution,  but  the  maximum  occurs  at  a  time 
corresponding  to  the  largest  size.  The  heated  air  scattering  cross  section  then  decays  exponentially 
after  the  thermal  wave  from  an  aerosol  reaches  one  third  of  the  interparticle  spacing. 

Introduction 


When  a  high  energy  radiation  pulse  propagates  through  aerosols  in  air,  the  heat  absorbed  by  the 
aerosol  heats  the  air  surrounding  it,  changing  its  index  of  refraction,  which  can  then  cause  subsequent 
scattering  of  light.  In  the  following,  the  time-dependent  light  scattering  cross  section  is  calculated 
for  the  heated  air  surrounding  an  aerosol  for  pulsed  irradiation  whose  pulse  time  is  much  smaller  than  an 
air  diffusion  time  tq  =  a2/Ka  where  a  is  the  particle  radius,  and  Ka  is  the  thermal  diffusivity  of  air. 
For  example,  for  Ka  =  0.176  cm2/s  and  a  =  5  x  10'A  cm,  tq  =  1.4  p sec.  It  is  initially  assumed  that  the 
aerosol  does  not  evaporate.  (The  effect  of  evaporation  is  discussed  at  the  end  of  the  paper.)  The 
purpose  of  this  work  is  to  determine  the  dependence  of  the  scattering  cross-section  on  the  irradiation 
fluence,  its  time  dependence,  the  effect  of  the  size  of  the  aerosols  and  their  heat  capacity,  and  a 
typical  distribution  of  aerosol  sizes.  Specifically,  it  is  desired  to  understand  the  conditions  under 
which  the  air  scattering  cross-section  can  exceed  that  of  the  aerosol.  In  addition,  the  heating  of  the 
air  can  cause  collective  refractive  effects  such  as  thermal  blooming;  thus,  the  rate  at  which  a 
distribution  of  aerosols  transfers  its  heat  to  the  air  is  also  of  interest. 


The  heat  transfer  from  the  aerosol  to  the  air  is  based  on  continuum  physics,  e.g.,  no  temperature 
discontinuity  from  the  aerosol  to  the  air  adjacent  to  the  aerosol .  The  size  distribution  o,  aerosols  used 
indicates  a  maximum  number  of  density  at  a  radius  of  10'^  cm;  the  mean-free-path  in  air  at  sea  level  is 
smaller,  0.65  x  10~5  cm.  However,  at  higher  altitudes,  this  approximation  should  be  replaced.  The  heat 
transfer  rate  to  the  air  would  be  reduced,  but  its  heat  capacity  is  also  reduced,  as  well  as  its  index  of 
refraction.  These  conditions  can  easily  be  analyzed  within  the  framework  of  the  present  paper.  The 
present  paper  uses  the  results  of  reference  1,  in  which  the  scattering  of  a  monodisperse  was  considered. 

Scattering  Relations 

For  the  scattering,  Fresnel  diffraction  gives  a  relation  between  the  near  field  electric  field  Enf 
and  the  electric  field  in  the  far  field  Eff  as  follows:^ 

•  r  ik,  9  •  r 

Eff  =  Xr  J  Enf  dA 

A1 

In  Equation  (1),  it  is  assumed  that  light  is  propagated  from  or  to  an  aperture  of  area  Aj.  This  is 
an  important  consideration.  For  if  the  entire  atmosphere  within  the  aperture  area  were  uniformly  heated 
normal  to  the  aperture  area,  the  net  phase  shifts  due  to  changes  in  the  index  of  refraction  would  not 
result  in  any  scattering.  In  Equation  (1),  r  is  the  distance  to  the  aperture's  focal  plane,  r  >  Aj/^,  X 
is  the  wavelength,  k^  =  2 w/A,  9  =  +  j0y,  r  =  +  jy,  dA  =  dxdy  and  z  is  the  direction  of  propagation. 

We  are  interested  in  the  peak  Intensity  Tn  the  far  field;  e.g.,  9=0;  the  decrease  from  its  maximum  value 
is  attributed  to  the  scattering  cross  section  of  the  heated  air.  Enf  is  evaluated  in  a  plane  just 
downbeam  from  the  aerosol.  The  disturbed  air  causes  a  phase  shift  <t>  given  by: 
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p  J  An  (x,  y,  z)  dz 


where  An  is  the  change  in  index  of  refraction  of  the  air.  The  limits  of  integration  are  not  actually 
they  extend  over  the  length  of  the  optical  path.  If  the  incident  light  electric  field  is  E0,  then: 

Enf  =  E0  exp  <3) 

Substitution  of  Equations  (2)  and  (3)  into  Equation  (1)  yields: 


An  (x,  y,  z)  dz 


-1Eo  r 

=  TR  J 


In  equation  (4),  it  is  assumed  that  the  electric  field  Eo  is  constant.  Since  the  scattering  is 
weak,  the  exponential  is  expanded  as  follows: 


-ff  '  AR 


;i  +  ikA  [  An  dz  -  |  k2 


(J  An  dz)2] 


The  far  field  intensity  I  is  given  by  Eff  Eff  ,  which  from  Equation  (5)  becomes: 

2a 

1  =  ~2~21  A1  '  kA  |  (J  An  dz>2<1A  +  kA  (|  J  An  dZ  dA)2/Al  (6) 

A!  A1  Z 

Eo2  A)  is  the  optical  "power"  through  the  aperture  of  the  viewing  optics.  The  second  and  third 
term  thus  represent  the  scattering  cross  section  as  of  the  disturb°d  air  surrounding  the  aerosol;  e.g., 

as  =  kA2  J  J  (  An  dz)2  dA  -  k2  (  J  J  An  dz  dA)2/Aj  (7) 


It  is  important  to  retain  the  second  term  on  the  right  hand  side  of  Equation  (7).  For  example,  if 
the  optical  path  is  uniformly  heated,  if  only  the  first  term  on  the  right  hand  side  is  retained,  the 
scattering  cross-section  would  be  finite.  The  second  term  caused  the  scattering  cross-section  to  go  to 
zero,  as  it  should. 

As  a  check  on  Equation  (7)  we  evaluated  the  cross  section  of  a  sphere  of  radius  a  in  which  An  is 
uniform.  The  result  agrees  with  previous  derivations3. 

n.  i 

a  ya  -  TJ 


os  =  kpAn2  J"  2  nr?  d rj  [J  An(r)  dz]2  =  2?rkpa4 


0  -  7,2  T 

7  a  -  r? 

Note  that  the  second  term  in  Equation  (7)  ->  0  for  A?  -  corresponding  to  a  single  particle. 

The  index  of  refraction  change  is  caused  by  the  heating  of  the  air  by  the  hot  aerosol.  The  speed 
of  an  acoustic  wave  associated  with  this  heat  deposition  is  much  faster  than  thermal  diffusion,  hence  the 
heating  is  essentially  isobaric,  so  that, 


(n  -  1 ) a  ~  P, 


a  AT 
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for  small  temperature  changes  where  Ta  is  the  initial  air  temperature.  Equation  (7)  then  becomes: 


as  = 


k^(n  i)  2  ®  * 

- p-3-  \  (J  AT(r)  dz>2  dA  *  (  j  |  AT(r)  dz  dA)2/Aj 

Ta  Ai  -  Ai  - 

We  next  solve  for  the  temperature  field  surrounding  a  single  aerosol  particle. 


(10) 


Air  Heating  by  a  Pulse-Heated  Aerosol 

To  proceed,  a  model  of  the  aerosol  is  chosen,  as  a  homogeneous  sphere  of  radius  a.  The  initial 
temperature  Tg  of  the  aerosol  is  given  by: 


AT 


3  JQa 

0  ’ 4  w 


(11) 


where  J  is  the  irradiation  fluence,  Qa  is  the  absorption  efficiency,  and  pp,  Cp  are  the  aerosol  mass 
density  and  temperature,  respectively.  The  thermal  conductivity  of  the  aerosol  is  much  larger  than  air, 
hence  the  aerosol  is  taken  as  isothermal.  The  solution  for  CW  laser  heating  of  a  particle  and  the 
surrounding  air  has  been  given  by  Chan3;  differentiation  with  respect  to  time  of  that  result  should  then 
give  the  desired  relation,  as  follows: 


AT  (r,  t)  = 


2e 


-t/r 


J-n 


«o  j 


®  Ml 


du 


(12a) 


and 


AT ( J  j  t)  =  A  Tne 


-  t/r 


(12b) 


where  r  =  a2  pp  Cp/3ka  and  p  =  (r  -  a)//4Kat.  However,  Equations  (12a)  and  (12b)  do  not  satisfy  exactly 
the  following  boundary  conditions: 


I  *AnCna3  =  4*a2  ka  £  (a,  t) 


P  P 


a  dr 


(13) 


where  ka  is  the  thermal  conductivity  of  air.  However,  Carslaw  and  Jaeger4  have  also  given  the  solution 
corresponding  to  both  the  case  of  CW  heating  and  "pulse"  heating  in  the  form  of  a  Laplace  transform.  For 
the  latter,  the  inversion  of  the  Laplace  transform  gives  the  aerosol  temperature  history  as  forows: 


AT(a,  t) 


-Katu2 

*MTn  f  „  g  h„ 

»  J  (u2  •  b)!  .  uV 
0 


(14) 


where  b  =  3paCa/ppCp.  The  results  of  Equation  (14)  were  compared  to  an  exponential  decay  in  Figure  1*. 
It  is  seen  that  they  agree  only  for  small  ratios  of  heat  capacity  b.  For  b  «  1,  the  integrand  of 
Equation  (14)  becomes  a  Dirac  delta  function  -  6  (b1/2)  and  Equation  (14)  reduces  to  Equation  (12b). 
Because  aerosol  heating  corresponds  to  b  «  1,  Equation  (12a)  was  used  to  determine  the  air  temperature 
field.  The  integral  of  Equation  (14)  becomes1’5: 


JlJ/T 
2  e 


e'^  .^>w  [(t/r)1/2  +  i^] 


(15) 
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(  UTlrlil)'  HA/*’.1' 


where  w(z)  is  tabulated  in  reference  6.  However,  for  convenience,  Equation  (14)  was  evaluated 
numerically  using  Simpson's  rule.  Some  temperature  distributions  are  shown  in  Figure  2.  The  temperature 
field  was  then  integrated  along  the  propagation  direction,  squared,  and  integrated  over  the  area  normal 
to  the  distance  of  propagation.  The  result1  is  shown  in  Figure  3  as  the  integral  I(t)  =  J(f  AT  (r)dz)^ 
dA/AToa  for  aqueous  and  siliceous  aerosols1.  It  can  be  seen  that  the  scattering  cross-section  and  time 
both  scale  as  b  These  are  therefore  collapsed  as  shown  in  Figure  4.  The  ordinate  spread  corresponds 
to  the  curves  of  Figure  3.  Also  shown  in  Figure  4  is  the  curve  corresponding  to  a  point  source  of  the 
same  total  heat  capacity. 


For  a  point  source,  the  temperature  distribution  is  given  by: 


™2QaJ  P  e  ’r  /4Kat 
ATa{r’  =  (~7TS-)Z  ® - 372 

a  t  A  ir V  M'V*- 


a  a 


(4  ^tr 


(16) 


and  the  temperature  integral  becomes: 


M iT  dz>!  d#  ■  >1771'  •  (km  ■  V 

The  actual  curve  is  lower  because  heat  is  transferred  to  the  air  more  slowly. 


(17) 


Figure  I. 


For  large  ratios  of  heat  capacity, 
aerosol  temperature  decays  exponentially. 


Figure  2. 


Comparative  temperature  profiles  at 
maximum  air  scattering  cross  section. 


Figure  3.  Thermal  contribution  to 
scattering  integral. 


Figure  4.  Single  aerosol-air  scattering 
cross-section  increases,  then 
decreases  as  1/time  (initially). 
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DN/DR  (NUMBER/CM»»3/UM) 


The  ratio  of  the  scattering  cross  section  of  air  to  the  extinction  cross  section  of  the  aerosol 
particle  itself  is  then  given  by: 


ita  Q 


ext 


9  7t(n  -  l)2  J2Q2a 

,  , 2t  2  2r  2 
4  A  Ta  'p  Cp 


I(t) 


(18) 


which  is  independent  of  a  except  for  Qa.  Note  the  quadratic  dependence  on  J.  For  the  middle  curve  in 
Figure  3,  for  a  siliceous  aerosol,  Imax  =  3400,  ppCp  =  2.6,  (n  -  1)  =  2.7  x  10'^,  Ta  =  293 0 K ,  \  =  1.06  x 
10~*  cm,  then 


xa  Q 


1 -  =  0.388  (J  QJ2 

a 


ext 


500  a% 


This  is  less  than  unity  for  JQa  <  1  j/cm2; 
2Ka,  is  0.28  /is  for  a  =  10~5  cm  (0.1  yxm) . 


(19) 

2;  but  exceeds  unity  for  JQa  >  2  J/cm2.  The  peak  time  tm  = 
Aerosol  Size  Distribution 


A  typical  aerosol  distribution  is  shown  in  Figure  5,  for  the  Southwestern  part  of  the  United 
States'.  Of  interest  regarding  thermal  blooming  is  the  rate  of  cooling  of  an  aerosol  distribution  since 
this  heat  is  transferred  to  the  air  causing  not  only  scattering  but  also  collective  effects  for  coherent 
light.  It  was  assumed  that  due  to  the  pulse  irradiation,  the  temperature  increase  of  each  aerosol  was 
identical,  corresponding  to  volumetric  absorption.  The  results  are  shown  in  Figure  6.  It  is  seen  that 
the  e-folding  time  is  about  60  /isec.  The  corresponding  scattering  is  shown  in  Figure  7.  The  long  time  to 
reach  the  maximum  is  governed  by  the  largest  size  aerosols  in  the  distribution,  because  they  have  the 
largest  heat  capacity  and  release  their  heat  to  the  air  slowly.  The  low  peak  scattering  cross-section 
occurs  because  of  the  time  distribution  of  peak  scattering  cross-section.  The  curve  is  dashed  towards 
long  times  because  of  the  decay  is  exponential  for  long  times  as  is  given  later. 


Figure  5.  Aerosol  size  distribution, 
Southwest  U.S. 


Figure  6.  Cooling  of  a  measured  aerosol  size 
distribution  -  single  size. 


Figure  7.  Scattering  cross-section  for  air  for  an 
aerosol  size  distribution  -  short  times. 
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The  scattering  cross-section  for  the  size  distribution  was  also  calculated  tor  repetitive 
irradiations,  equally  spaced  in  time  as  characterized  by  a  pulse  repetition  frequency,  for  a  total  time  t. 
The  scattering  cross-section  at  time  t  is  shown  in  Figure  8.  For  a  single  particle  and  an  infinite  number 
of  pulses,  an  asymptotic  limit  was  found  .  However,  an  actual  aerosol  distribution  will  not  have  a 
homogeneous  spatial  distribution.  Thus,  as  more  pulses  accumulate,  some  small  volumes  will  become  hotter 
than  others.  Then  those  volumes  of  air  will  scatter  light.  It  is  therefore  believed  that  an  asymptotic 
value  for  an  infinite  number  of  pulses  will  not  exist  for  an  actual  aerosol  distribution. 


Figure  8.  Effect  of  repetitive  pulses  on  air  scattering 

cross-section  -  measured  aerosol  size  distribution. 


Effect  of  an  Aerosol  Spatial  Distribution 

As  indicated  previously,  for  a  single  particle,  the  scattering  cross-section  will  decrease 
inversely  with  time.  However,  after  a  time  the  air  heated  by  one  aerosol  will  be  affected  by  neighboring 
particles.  To  gain  some  insight  into  this,  a  cubic  infinite  array  of  monodisperse  aerosols  were  modelled. 
It  was  assumed  that  the  distance  between  aerosols  was  2b,  and  a  cubic  volume  of  initially  heated  air  was 
2a  on  a  side.  The  temperature  distribution  was  taken  as: 


AT(x,y,x,t)  =  I  2  2  A  (t)cos(k*x/b)cos(ljiy/b)cos(mirz/b) .  (20) 

k=0  1=0  m=0  klm 


The  heat  conduction  equation  was  then  solved  with  the  result: 

Aklm  W  "  Bklm  exPt-  K/{^  +  ]Z  +  m2>  (21) 

where : 

8ATQsin(kxa/b)  sin(lira/b)  sin(r?wa/b) 

klm  i3klm  [1  +  6 { k) ]  [1  -  6(1)]  [1  +  6(m)]  {22> 

After  maximum  scattering,  the  scattering  cross-section  for  a  single  aerosol  decreases  as: 


2  2  ?  k2  n 

°s  -  kl  <n  - (-r^)2  «=  +  ~h c  > 

3i  7T  3 

where: 

C=  Z  ^  lk”a/b>  exp  (-  2K,2k2t/b2) 
k=l  kd  a 


(23) 


(24) 
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(25) 


For  very  large  spacing  b,  equations  23  and  24  simplify  to: 

2 

2  2  a  2  2 
*s  =  k>  '  (Jew")  (C'  +  C  > 


C' 


«>  -  2  j  K  7Tt/b2 

2  e  a 
m=l 


(26) 


The  results  are  shown  in  Figure  9.  They  clearly  show  the  inverse  time  dependence  until  the  thermal 
wave  from  one  aerosol  reaches  about  one-third  of  the  distance  to  its  nearest  neighbor.  Then,  the 
scattering  cross-section  decays  exponentially. 


Olaenstonless  Tlwe,  «  •  K,»*t/b* 


I  •  K«2t/b2 


OlBcnstonltss  Hat,  I  -  K,t*t/b* 


Figure  9(a).  Temporal  decay  of 
scattering  of  a 
monodisperse  cubic 
spatial  distrib¬ 
ution  -  short  tines. 


Figure  9(b).  Temporal  decay  of 
scattering  of  a 
monodisperse  cubic 
spatial  distrib¬ 
ution  -  intermediate 
times. 


Figure  9(c).  Temporal  decay  of 
scattering  of  a 
monodisperse  cubic 
spatial  distrib¬ 
ution  -  long  times. 


Aqueous  Aerosols 

Thus  far,  only  non-evaporating  aerosols  have  been  considered.  However,  the  same  techniques  have 
been  applied  to  an  aqueous  aerosol,  which  was  completely  evaporated  by  an  irradiation  pulse8.  The  model 
was  that  the  droplet  was  evaporated  into  a  sphere  of  heated  water  vapor,  which  then  cooled  by  conduction 
to  the  surrounding  air  and  diffusion.  The  scattering  cross-section  initially  stayed  constant  but  then 
decayed  inversely  with  time.  This  result  is  now  used  to  calculate  the  resulting  temporal  evolution  of 
transmission.  A  typical  result  is  shown  in  Figure  10.  It  can  bee  seen  that  evaporation  greatly  improves 
the  diffraction-limited  transmission,  provided  that  recondensation  does  not  occur  in  the  time  interval  of 
interest. 


562 


1  0 


Figure  10.  Optical  transmission  pre-  and  post-droplet  evaporation. 


Conclusions 


The  problem  of  light  scattering  by  air  which  was  heated  by  non-evaporating  aerosols  irradiated  by 
short  pulses  has  been  modeled,  and  the  model  solved.  The  results  predict  that  the  air  scattering  cross 
section  increases  to  a  maximum  value  and  then  decays  inversely  with  time.  The  maximum  air  scattering 
cross  section  can  exceed  the  aerosol  extinction  coefficient  for  an  absorbed  fluence  greater  than  2  j/cmz. 
These  results  were  used  for  a  typical  aerosol  size  distribution.  Multiple  pulses  can  cause  the  effective 
cross  section  to  become  much  greater  than  for  single  pulses.  Finally,  a  spatial  distribution  of  aerosols, 
the  cross  section  will  decay  exponentially  when  the  thermal  wave  from  one  particle  reaches  about  1/3  of  an 
inter-particle  spacing.  For  aqueous  aerosols  which  are  evaporated  by  the  pulse,  optical  transmission  of 
diffracted-1 imited  light  is  improved  considerably. 
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Abstract 

We  discuss  an  experimental  method  for  picosecond  ultrasonics  measurements 
in  the  suhterahertz  frequency  range  in  thin  films.  We  have  applied  this 
technique  to  thin  films  of  polythiophene  and  polyacetylene  and  obtained  the 
longitudinal  sound  velocity  at  about  5  GHz.  The  spectral  dependence  for  the 
detection  of  the  photoinduced  strain  waves  is  demonstrated  and  explained. 


Introduction 


Ultrasonics  has  long  been  an  important  tool  in  both  applied  and 

fundamental  science.  The  range  of  frequencies  used  in  ultrasonic 

1 

measurements  is  from  1  MHz  to  about  10  GHz  .  Recently  a  method  has 

2.4 

been  developed  to  extend  this  frequency  range  to  the  terahertz  region 
using  picosecond  techniques. 


In  this  communication  we  describe  the  picosecond  ultrasonic  technique  and 
its  applications  to  thin  films  of  conducting  polymers,  such  as  poly¬ 
thiophene  (PT)  and  polvacetylene  (CH)  .  In  particular,  we  show  the 

X 

existence  of  periodic  oscillations  in  the  induced  transmission  AT(t).  By 
measuring  the  polarization  properties  of  the  oscillations  we  prove  they  are 
due  to  a  time -dependent  strain  in  the  thin  films.  We  discuss  the  strain 
oscillations  optical  spectrum  and  the  conditions  under  which  the 
oscillations  can  be  detected.  In  addition,  the  strain  oscillations  are  used 
to  measure  the  longitudinal  sound  velocity  in  thin  films  of  two  different 
conducting  polymers  at  high  phonon  frequencies. 


Phonon  Generation  and  Detection  bv  Picosecond  Light  Pulses 


2.4 

In  our  studies  we  have  used  the  polarized  pump  and  probe  technique  with 
subpicosecond  pulses.  The  generation  and  detection  mechanisms  of  the  strain 
waves  are  described  schematically  in  Fig.l.  The  pump  pulse  is  absorbed 

within  the  optical  skin  depth  £  (=  a  \  where  a  is  the  absorption 
coefficient  at  the  pump  laser  wavelength  ) .  Most  of  the  energy  absorbed  is 
released  very  quickly  to  phonons  due  to  hot  carriers  thermalization  and  fast 
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.Fig^j-l.  The  experimental  arrangement  for  measuring  picosecond  ultrasonics  in 
thin  films,  using  photoinduced  changes  in  transmission.  £  is  the 
optical  skin  depth.  The  N- shaped  signal  is  a  propagating  strain 
pulse. 


geminate  recombination.  This  energy  raises  the  layer  temperature  and  sets 
up  a  stress  as  a  result  of  thermal  expansion.  The  stress  produces  a  strain 
pulse  propagating  into  the  film,  normal  to  the  excited  surface.  The  strain 
pulse  bounces  back  and  forth  in  the  film  by  reflection  off  the  interfaces. 
Its  amplitude  decreases  in  time  due  to  acoustical  attenuation  and  partial 
transmission  into  the  substrate. 

A  second  light  pulse  is  passed  through  the  film  at  a  later  time  t.  This 
(probe)  pulse  is  produced  by  dividing  off  about  10%  of  the  energy  in  the 
pump  pulse  and  then  introducing  an  additional  optical  path  before  the  probe 
pu^ se  reaches  the  sample.  The  transmission  of  the  probe  pulse  through  the 
film  is  measured  as  a  function  of  the  time  delay  introduced.  The  optical 
transmission  T  is  sensitive  to  the  motion  of  the  acoustical  pulse  because 
the  optical  constants  of  the  film,  particularly  the  absorption  coefficient 
a,  depend  on  strain.  The  modulation  AT(t)  in  T  is  caused  oy  the  modulation 
Aa  in  a  as  follows: 


AT(t)  -  f  Aa(z , t) dz  -  J  ^rjrr?  (  z  ,  t )  dz  -  $T?<r/>( t)d  (1) 


where  the  integral  is  over  the  film  thickness  d,  and  <r/>  is  the  average 
strain  in  the  film  at  time  t.  While  the  strain  pulse  is  propagating  in  the 
film,  <rj>  is  essentially  constant.  However,  when  the  pulse  is  reflected  off 
the  free  surface,  the  propagating  strain  pulse  becomes  inverted,  changing 
the  sign  of  <rj> . 
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If  one  surface  of  the  film  is  free,  the  other  rigidly  attached  to 
a  substrate  with  a  high  acoustical  impedance,  the  sign  of  <r}>  changes 
once  every  round  trip  of  the  strain  wave,  and,  as  a  result,  there  will 
be  oscillations  in  AT(t)  with  a  period 


t  =  4d/v 


(2) 


where  v  is  the  longitudinal  sound  velocity. 


Experiment 


In  our  pump  and  probe  experiment  we  have  used  a  mode -locked 
NdrYAG  (Quantronix)  laser  which  synchronously  pumps  a  (Coherent)  dye  laser 
producing  light  pulses  typically  of  2  picosecond  duration  at  a  repetition 
rate  of  76  MHz.  The  wavelength  of  the  pump  and  probe  beams  can  be  tuned 
from  560  nm  to  about  670  nm.  The  intensity  of  the  pump  beam  is  modulated 
at  4  MHz  using  an  acousto-optic  modulator,  and  the  in-phase  AT(t)  of  the 
probe  pulses  is  measured  using  a  moderately  fast  Si  photdiode,  a  frequency 
tuned  preamplifier  and  a  fast  lock-in  amplifier  (5202  PAR).  AT(t)  has  been 
measured  with  probe  beam  polarization  either  parallel  to  the  polarization  of 
the  pump  beam  (||),or  perpendicular  to  it  (1).  The  samples  were  transparent 
thin  films  (d  <  1000A)  of  unoriented  polythiophene 

electrochemically  polymerized  on  conducting  glass  substrates.  A  film  of 
cis-rich  (CH)^,  polymerized  on  a  sapphire  substrate  using  the  Shirakawa 

method,  was  also  used  in  our  measurements. 


Results  and  Discussion 


In  Fig. 2  we  show  the  response  AT(t)  of  a  thin  film  of  PT  at  300K  up  to  450 
picoseconds  using  a  laser  wavelength  for  both  pump  and  probe  beams  of  A  - 
608  nm.  AT(t)  is  induced  very  quickly  at  t-0,  followed  by  a  fast  decay,  but 
increasing  again  and  producing  a  damped  oscillation  with  period  r  -  200±10 
psec.  Similar  effects  were  also  observed  in  thin  films  of  of  (80%)  cis- 
rich  (CH)^  at  620  nm  (Fig. 3).  The  peak  of  AT(t)  at  t  -  0  is  of  electronic 

4  s 

origin  ’  and  its  fast  decay  in  both  PT  and  (CH)^  has  been  attributed  to 
geminate  recombination.  This  fast  response  is  polarized  --AT  -  2aTi  so 

5 

that  a  photoinduced  dichroism  is  generated  at  t-0  .  This  is  not  surprising 
in  conducting  polymers  since  they  are  in  the  form  of  long  quasi-l-D  chains 
grouped  into  single  crystal  fibrils  which  are  isotropically  distributed  in 
the  thin  film  planes.  In  Fig. 4,  on  the  other  hand  ,  we  show  that  the 
photoinduced  oscillations  are  unpolarized  --AT  -  ATi  (at  about  150  psec), 

and  they  therefore  cannot  be  of  electronic  origin.  Moreover,  the  period  r 

2 

increases  linearly  with  the  film  thickness  d,  in  agreement  with  Eq.2. 
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-AT  (arb  .  units) 


Fig. 2 :  Transient  AT/T  in  a  thin  film  of  polythiophene  at  A  -  608  ran 
with  pump  and  probe  polarizations  perpendicular  to  each  other. 


Fig. 3 :  Transient  AT/T  in  a  thin  film  of  80%  cis/20%  trans-(CH)  at  A  -  620 

X 

nm  with  pump  and  probe  polarizations  perpendicular  to  each  other. 


We  attribute  the  oscillatory  response  to  strain  pulse  propagation,  as 
discussed  in  the  previous  section.  Using  Eq.2,  the  measured  r  and  the  film 
thickness,  we  can  derive  the  longitudinal  sound  velocity  for  strain  waves  at 
frequency  u.  We  calculate  v  -  10±1  A/psec  in  PT,  and  v  -  15±5  A/psec  for 
(CH)^  at  v  -  5  GHz  and  3.7  GHz,  respectively.  The  uncertainties  in  v  are 

due  mainly  to  uncertainties  in  measurements  of  the  film  thickness . 


The  period  of  oscillation  in  the  (CH)^  film  depends  on  the 

cis/trans  percentage,  r  decreases  with  the  isomerization  from  cis  to  trans, 
as  shown  clearly  in  Fig. 5.  The  measurements  were  repeated  on  the  same  film 
after  3  weeks  (curve  (b))  with  r  -  160  psec,  and  after  one  year  (curve  (c)) 
with  t  -  110  psec.  Since  the  film  thickness  remains  constant  during 
isomerization,  the  only  logical  explanation  for  our  findings  is  that  the 
sound  velocity  increases  with  isomerization.  At  this  point,  the  reason  for 
this  is  not  clear.  We  also  found  that  the  strain- induced  AT(t)  response 
decreases  with  the  isomerization.  This  is  clearly  shown  in  Fig. 5,  where  the 
various  responses  were  normalized  at  t  -0. 


567 


AT/T  (a.u.) 


Cis-rich  ( C H ) x 
80  K 


40  80  120 

TIME  DELAY  (ps) 


160  200 


Fig.4:  Transient  AT/T  in  a  film  of  80%  cis/20%  trans-(CH)x  with 

perpendicular  (l)  and  parallel  ( || )  pump-probe  polarizations  at  A 
620  nm. 


Cis-rich  (CH)X 


A  =  585  nm 


/  /^<c> 


40  0  40  80  120  160  200 

TIME  DELAY  (ps) 


100  200  300  400 

TIME  DELAY  (PSEC) 


Fig , 5 :  Normalized  AT/T(t)  of  the  same  (CH)x  film  as  in  Fig.4:  a)  one  day,  b) 
three  weeks,  and  c)  one  year  after  polymerization. 


Fig. 6 :  Same  as  Fig. 2  for  the  PT  film,  but  at  A  -  585  nm. 
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OPT  I  CAL  DENSITY 


Fie. 7 : 


The  absorption  spectrum  q(w)  of  the  PT  film  used  in  Figs. 2 

and  6.  The  derivative  4“  is  also  shown. 

da> 


A  more  striking  finding  concerning  the  appearance  of  oscillations  in 
AT(t)  is  shown  in  Fig. 6.  We  measured  AT(t)  on  the  same  film  as  in  Fig. 2, 
but  with  laser  wavelength  A  -  585  nm;  there  is  no  sign  of  any 
oscillatory  response  at  ;his  wavelength.  This  strange  spectral  dependence 
of  the  oscillatory  response  of  AT  (  -  aTqsc)  is  related  to  the  derivative  of 

the  of  the  film's  absorption.  From  Eq.l  we  get 


AT 

osc 


da  da  dE 

<,>  '  dE  5J  <’> 


(3) 


where  —  is  the  derivative  of  a  at  the  probe  wavelength  and  —  is  the 

deformation  potential  of  the  film.  From  Eq.3  we  see  that  the  appearance  of 

strain- related  effects  in  AT(t)  depends  on  4?  ;  r pecifically ,  AT(t)  will  not 

dh 


contain  any  oscillatory  response  for  probe  wavelengths  where 


da 

dE 


0.  The 


absorption  spectrum  a(w) ,  and  its  derivative  —  were  measured  for  the  PT 

film  using  a  Cary  spectrometer  and  are  shown  in  Fig. 7.  The  oscillations 
in  a(u>)  are  probably  due  to  phonon  sidebands  associated  with  the 
exciton  transition  at  about  600  nm.  These  are  not  related  to  interference 
effects  because  the  energy  period  does  not  depend  on  film  thickness.  The 
derivative  clearly  shows  three  such  oscillations  with  an  energy  interval  of 

almost  185  meV.  From  the  spectrum  of  4—  we  would  expect  AT  to  be 

dw  osc 
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maximum  at  about  610  nm,  and  to  be  nearly  zero  at  about  585  nm.  This  is  in 
agreement  with  our  findings,  such  as  AT(t)  shown  in  Figs.  2  and  6.  In  fact, 
we  were  able  to  obtain  a  complete  spectrum  of  AT(t)Qsc  over  the  range  from 

da 

565  to  650  nm;  the  spectrum  is  in  qualitative  agreement  with  Fig. 7  for  ^  . 
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A  h  s  t  r  a  c  t 

We  derive  the  analytical  solution  for  a  .self-phase-modulated  and  self-steepened  pulse 
propagating  in  a  nonlinear  medium.  The  calculation  is  performed  in  the  plane-wave 

approximation  for  dispersionless  medium  but  with  material  relaxation  present. 


In  this  lecture,  we  consider  the  propagation  of  an  ultrashort  pulse  in  a  X  -  medium  (six-photon 
mixing).  We  perform  this  calculation  in  the  plane  wave  approximation  i.c  transverse  effects  are 
neglee'ed  for  a  dispersionless  medium,  i.e  sample  is  thin,  but  where  self-steepening,  i.e  high  intensity 
beam,  and  material  relaxation,  i.e  characteristics  material  relaxation  time  of  the  order  of  pulse 
duration,  are  important.  Physically,  our  calculation  is  applicable,  for  instance,  in  cases  where  the 
nonlinearity  is  due  to  two-quanta  photogeneration  of  nonequilibrium  carriers  in  certain 
semiconductors  We  will  show  that  for  large  intensities,  the  pulse  may  self-steepen  due  to  the 

lowering  of  the  pulse  peak  group  velocity  caused  by  self-phase  modulation,  which  qualitatively  is 

similar  to  the  same  effect  observed  in  X( medium  as  was  shown  in  ^  4-).  This  amplitude  self- 
steepening  leads  to  an  asymmetry  in  the  spectrum  The  incorporation  of  finite  relaxation  time  in 

the  expression  of  the  Kerr  index  of  refraction  also  contributes  to  the  asymmetry  of  the  spectrum  and 
to  its  downshift  (towards  the  Stokes  side).  Finally  we  use  our  derived  expression  tor  the  amplitude 
and  phase  of  the  pulse  to  obtain  the  Young  interferometer  intensity  distribution  for  this  pulse  t?>. 

In  the  phenemenological  model  that  we  consider,  the  nonlinear  source  term  for  Maxwells 
equation  is  taken  as: 


c,  E 


11 


dt 


i.e  we  are  taking  the  first  two  terms  of  the  noninstantaneous  nonlinear  polarization,  where  C]  is  the 
first  moment  of  the  delayed  response  kernel,  it  is  essentially  equal  to  the  material  response  time.  n4 
is  the  nonlinear  Kerr  coefficient,  n  is  the  linear  index  of  refraction  of  the  material  and  c  is  the  speed  of 
light  in  vacuum.  This  phenemenological  mode!  is  valid  for  pulse  duration  longer  than  t  e  materia 

response  time.  m 

We  will  solve  Maxwell's  equation  by  the  method  of  multiple  scales  '  We  neglect  diffraction 
effects  and  group  velocity  dispersion  in  our  calculation.  We  introduce  the  normalized  electric  field  <b 
such  that  E  =  E(,  <t>  where  E0  is  the  amplitude  of  the  incoming  pulse,  and  the  normalized  coordinates  Z- 
z/vgr  and  T  =  t/x  where  t  is  the  incoming  pulse  width.  Maxwell’s  equation,  in  the  normalized 

coordinates  is  then  given  by: 


where  the  dimensional  parameters  e’  and  y'  are  given  by: 

n4  !E0|4  13] 

e  = - 


n 

lT  [41 

t 
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The  method  of  multiple  scales  introduce  the  scaled  variables  Tj,  T2,  .  and  Zj,  Z^  .  where  ZR 


=  (f  )  Z.  A  consistent  expansion  in  powers  of 
equations: 
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to  second  order  give  the  following  differential 

[5-a] 

[5-b] 

[6-a] 

[6-b] 

the  pulse  center  frequency  and  the  normalized 

[7] 


A  =  a  e\p  (ioc)  [g] 

In  the  physical  corrdinates  U  and  V,  the  amplitude  a  and  the  phase  a  of  A,  then  obey  the 
following  quasi-linearized  partial  differential  equations: 

da  5  4  da  [9] 

--  -  e  a  —  =  0 

dV  -  dU 


dot  f'  4  da 
dV  2  '  dU 


+  2  K  y'  £’a 


3  da 
dU 


[10] 


The  U-partial  derivatives,  appearing  on  the  left  hand  side  of  eqs.  [9]  and  [10],  are  responsible  for  self 
steepening  and  the  term  proportional  to  y'  expresses  the  finite  relaxation  time  of  the  medium.  We 
notice  that,  in  this  model,  the  finite  relaxation  time  has  no  effect  on  the  amplitude  equation. 

To  discuss  the  impact  of  self-steepening  and  finite  relaxation  time,  we  shall  index  a  and  a  by 
two  dummy  indices  where  the  first  index  refer  to  self-steepening  and  the  second  to  finite  relaxation 
time,  fiach  index  takes  the  value  (0,  1)  for  the  effect  being  (absent,  present).  (It  should  be  stressed 

that  we  can  directly  solve  eqs.  [9]  and  [10]  in  the  most  general  case  but  we  are  going  through  these 
intermediate  steps  to  clarify  the  role  and  meaning  of  the  different  terms  in  the  equations].  We  will 
now  write  the  solutions  in  the  four  cases,  for  an  initial  sech  pulse  with  zero  phase: 

(I)  T  =  0  .  V  «  l 


a(l,o  =  sech  |U) 

~  a0,0  £  V  4 

a oos  -  = - sech  (U) 

k  2 

di)  0  ■  E  V  «  1 

a0  ,  =  sech  |U)  =  a0,0 


1 1 1 -a] 


[11-b] 


[12-a] 
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I 12-bJ 


£'V  4  4 

ao.  i  =  —  sech  (U)  -  2  y'  e'V  sech  |U)  tanh  (U) 


(iii)  ~  £ 


ai  ()  =  sech'  |U  +  ^  e'V  a^.o 


I. 


ai,o  =  -U  —  |  a{  1,1  p.Vjdp  -  ~  £’“  J  a*i0(0, q) dq 


+  tanh  '  j  sin  e  (U,V)1  +  —  sin  g(U,V)  -  —  sin3  fe(  U,VY] 
6  18 


( 13-aJ 


I 13-b] 


g|L'.V) 


a]  0|U,q)dq  +  sin 


(tanh  U) 


113-cJ 


( i v )  general  case 


■>  ->  2  /  5  4  \  [  1 4-a] 

af,  i  =  ai,0  =  sech"  |U  +  j  e'V  a,  ,| 

«i,  I  =  “1,0  +  Yin  (a,, ,)  -  Yin 

The  above  general  solution  for  the  amplitude,  derived  under  the  condition  of  no  dispersion,  is 
valid  for  all  values  of  V  <  Vcri(,  where  Vcrit  is  the  critical  value  of  V  at  which  the  optical  amplitude 
shock  develops.  Physically,  the  above  solution  is  smoothed  at  the  shock  discontinuity  by  higher  order 
derivatives  in  Maxwell’s  equation  that  are  neglected  in  our  present  approximation.  The  value  of  Vcrit 
is  given  by: 


sech  tanh  (sin  g  (u ,  v}j 


[  1 a-hi 


e'V 


0.349 


115] 


In  fig  1,  we  plot  the  amplitude  for  different  values  of  e'V.  Self  steepening  increases  with  the  value  of 
e’V.  The  slope  of  the  amplitude  is  given  by: 


da 
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where  (-,  +)  corresponds  respectively  to  (J  (smaller,  larger)  than  .1.  E'v. 


[16] 


In  fig.  2,  we  plot  ao,  t  -  ao,o-  This  quantity,  which  represents  the  portion  of  the  phase  due  to 
nonzero  relaxation  time  for  e'V  «  1,  is  approximately  linear  in  U  and  with  a  negative  slope,  which 
translates  into  a  Stokes  shift  in  the  instantaneous  frequency.  This  shift  is  similar  to  Gordon's  self 

frequency  shift  W,  derived  for  x3  material.  In  fig.  3,  we  plot  «o.  t  -  ao,o  for  different  values  of  e'V  to 
qualitatively  examine  the  effects  of  self-steepening  on  this  Stokes  shift. 

In  fig  4,  we  are  plotting  a,  ,  the  pulse  total  phase  in  the  general  case.  (Henceforth,  we  will  omit 

the  subscripts  to  refer  to  the  general  case).  We  note  that  the  presence  of  the  y'-  term  and  the  self- 

steepening  term  shifts  the  position  of  the  phase  maximum  from  the  U  =  0  axis.  Furthermore,  the 

maximum  of  the  pulse  amplitude  and  that  of  the  phase  are  shifted  with  respect  to  each  other,  which 

as  pointed  out  in  ^  leads  to  a  shift  in  the  positions  of  the  interference  fringes  of  this  pulse,  for  a 
Young  set-up,  from  those  of  cw  coherent  light. 
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The  normalized  frequency  sweep  for  this  pulse,  obtained  by  taking  the  U-partial  derivative  of  a, 
is  given,  for  the  general  case,  by: 


da  ,  e'  4  a 
—  =  -  1  -  —  a  + - 

dU  6  cos  g 


+  —  a(cosg)  -  —  a  (sin‘g)  (cosg)  +  Y 


,  v  1  da 
a  (tan  g)  +  -  — 

d  dU 


[17] 


In  fig.  5,  we  are  plotting  this  quantity.  It  should  be  remembered  (5)  that  the  maximum  of  this 
curve  determines  in  each  case  the  spectral  frequency  extent  on  the  anti-Stokes  side  while  its 
minimum  determines  the  corresponding  quantity  on  the  Stokes  side.  As  can  be  observed  from  the 
figure,  the  normalized  frequency  sweep  is  asymmetric  with  respect  to  the  U  =  0  axis.  This  results  in 
an  asymmetry  of  the  spectral  distribution  between  the  Stokes  and  anti-Stokes  portion  of  the 

da 

spectrum.  Furthermore,  the  absolute  value  of  the  maximum  of  ~  is  always  bigger  than  that 

corresponding  to  its  minimum  value  and  therefore  the  anti-Stokes  spectral  extent  is  larger  than  the 
Stokes  extent.  In  fig.  6,  these  extrema  quantities  are  plotted  as  function  of  e’V  for  different  y's-  These 

extrema  were  also  shown  in  to  determine  the  domain  of  F(x),  the  Fourier  transform  of  the 

visibility  function  of  the  Young  intensity  distribution  with  the  general  solution  pulse  as  input.  The 
function  F(x)  is  given  by 
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Where  y  =  KA/t  and  A  is  the  time  delay  between  the  interferometer  two  paths.  The  domain  of  F(x) 


lies  between  the  lower  bound 


and  the  upper  bound  1 


♦P) 

{duj„ 


.  In  fig.  7,  we  plot 


the  envelopes  of  F(x)  for  different  cases.  The  domain  for  each  case,  as  computed  in  fig.  7,  agrees  with 
the  results  of  fig.  6. 

The  pulse  spectral  distribution  is  obtained  by  taking  the  absolute  magnitude  square  of  the 
Fourier  transform  of  the  pulse  electric  field.  In  fig  8,  the  spectrum  is  shown  for  selected  values  of  the 
parameters  .  The  important  features  found  in  our  calculations  are  that: 


1.  As  e'V  increases,  the  spectrum  is  more  asymmetric,  and  near  the  Stokes  maximum  extent  the 
spectrum  falls  off  rapidly; 

2.  As  y  increases,  the  spectrum  is  further  shifted  to  the  Stokes  side  and  the  maximum  frequency 
extents  are  consistent  with  the  results  of  fig.  6. 

To  understand  the  role  of  the  non-zero  relaxation  time  in  the  Stokes  shift,  let  us  calculate  the 
mean  frequency  of  the  pulse  normalized  to  the  original  center  frequency.  The  normalized  first 
moment  of  the  frequency  can  be  written  in  the  time  domain  representation  as: 
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for  small  t’V,  this  quantity,  for  the  x(5)  medium,  is  given  by: 


lim  4"  -  1  -  0-3y(e'v)  [2°] 

£  V  «  1  ^ 

the  second  term  on  the  right  hand  side  corresponds  to  the  numerically  computed  Stokes  shift.  It 
should  be  noted  that  this  shift  is  linear  in  the  thickness  of  the  material,  and  in  the  relaxation  time  and 
is  quadratic  in  the  intensity. 

In  conclusion,  we  presented  in  this  lecture,  the  analytical  solution  for  a  pulse  propagating  in  a 

(5) 

X  -  material  with  nonzero  relaxation  time  in  the  regime  where  both  self-modulation  and  self- 
steepening  are  present  .  As  noted  earlier,  this  theory  can  be  tested  in  certain  semiconductors  with 
two-quanta  photogeneration  of  nonequilibrium  carriers. 
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Qj  Qj 

C  ®1 


The  pulse  normalized  total  phase  as  function  of  U 


Fie.  S  The  pulse  normalized  instantaneous  frequency 
sweep  as  function  of  U. 


ARB- UNITS 


Fig. -6 


The  Stokes  and  anti-Stokes  spectral  distribution 
extents  as  a  function  of  e'V. 
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Abstract 


Both  fluorescence  emission  spectra  and  fluorescence  lifetimes  are  measured  for 
n  e  n  z  o  ( a >  p  y rene  in  aqueous,  methanol io,  liposome  and  microsome  environments  and  are  used  to 
d l f f er en t i a t e  the  orientation  and  site  position  within  the  bilayer  membranes  of  liposomes 
ini  microsomes.  This  study  lends  credence  to  the  char ac t e r i za t i on  of  carcinogenic  active 
sites  within  the  membranes  of  cellular  macromolecules. 

3snzo(a)pyrene  (BP)  and  many  other  potent  polynuclear  aromatic  hydrocarbons  generated 
by  incomplete  combustion  of  carbonaceous  materials  have  been  considered  as  major  air  pollu¬ 
tants  in  the  United  States  and  have  been  widely  implicated  in  occupational  and  cigarette 
smoke-induced  lung  cancer1  ^  .  BP  is  not  carcinogenic  per  se.  It  is  normally  metabolized 
to  non-toxic  e 1 ec t roph i 1 ic  products  by  a  mixed  function  enzyme  system  consisting  of  the 
membrane  bound  cytochrome  P-))50  and  a  NADPH  dependent  cytochrome  reductase"’'.  Through 
some  unknown  mechanisms,  however,  3P  can  also  be  oxidized  to  proximate  intermediates  by  the 
same  enzyme  system.  These  intermediates  are  believed  to  be  epoxides  or  free  radicals  which 
readily  react  with  cellular  macromolecules,  thus  initiating  the  development  of  tumerigenic 
lesions"  1 ^ .  Chemically  speaking,  this  route  of  activation  should  be  a  very  minor  side 
reaction  of  the  normal  detoxification,  otherwise  smokers  would  be  certainly  doomed  to  have 
lung  cancers .  The  proximate  carcinogens  thus  formed  should  be  very  scarce.  This  makes 
their  in  vivo  characterization  extremely  difficult. 

The  active  site  in  the  P - U  5  0  is  known  to  be  spacious  enough  to  accomodate  limited 
reorientation  of  the  substrate  molecules  to  yield  positional  isomeric  products,  but  it  is 
also  restrictive  enough  to  permit  stereoselectivity  .  In  other  words,  the  conformation  of 
the  3P  molecule  in  the  activated  complex  determines  the  route  of  oxidation.  Apparently, 
most  cf  the  conformations  led  to  non-toxic  metabolites,  but  a  few  specific  conformations 
with  very  remote  chance  of  existence  may  give  rise  to  proximate  intermediates.  Information 
about  possible  orientations  of  BP  in  the  activated  complex  may  be  ultimately  essential  for 
mechanism  elucidation  of  its  activation  and  detoxification.  Unfortunately,  conformation 
study  of  the  short-lived  activated  complex  requires  very  sophisticated  instrumentation  such 
as  picosecond  t L me - r es o 1 v e d  spectroscopy  or  low  temperature  site  differentiation  techni¬ 
ques.  Details  about  the  activated  complex  topology  in  the  membrane  would  be  required  for 
data  i nt er pr e t a t i on  .  However,  if  the  BP  molecule  is  transferred  directly  from  the  membrane 
to  the  p  1)50  active  site,  and  if  its  orientation  prior  to  binding  to  the  active  site  is 
preserved  in  the  activated  complex,  then  the  BP  conformation  in  the  activated  complex  may 
be  predicted  from  the  BP  orientation  in  the  residence  site  in  the  membrane.  This  hypothe¬ 
sis,  of  course,  will  depend  upon  whether  BP  in  different  residence  sites  is  differentiable 
and  whether  the  P -  4  5  0  binding  of  BP  is  distinguishable.  This  preliminary  report  is  to 
investigate  the  differentiability  of  the  reactive  BP  in  terms  of  spectral  and  temporal 
characteristics. 

Materials  and  Methods 


Benzo(a)pyrene  (BP)  and  L-a-phosphatidyl  choline  (PC)  were  purchased  from  Aldrich  and 
Sigma,  respectively,  and  were  used  without  further  purification.  Because  of  its  potent 
carcinogenicity,  BP  was  handled  with  great  caution  and  used  solutions  were  collected  and 
stored  in  a  labelled  waste  bottle  for  further  treatment.  Liver  microsomes  from  maternal 
rats  were  donated  by  Dr.  Wong,  Pharmacology  Department,  University  of  Florida,  Gainesville. 
The  protein  contents  were  estimated  to  be  25  mg/mL.  No  further  purification  was 
performed.  Preparation  of  BP  solutions  and  suspensions  were  described  elsewhere  . 
Phosphate-buffered  saline  (PBS,  pH  7.)))  was  used  as  the  buffer  for  all  measurements. 

A  Spex  Fluorolog  Fluor imeter  was  used  for  steady  state  fluorescence  measurements.  The 
fluorimeter  was  not  equipped  with  a  stirring  device.  Solutions  were  stirred  manually  for 
30  s  after  mixing  or  before  each  spectral  scanning.  An  excitation  wavelength  of  378  nm  was 
used  . 


T i me - r e s o 1 ved  measurements  were  carried  out  with  a  laboratory-constructed  fluorimeter 
(Fig.  1).  A  pulsed  nitrogen  laser  (PRA)  with  a  nominal  pulse  width  of  0.2  ns  was  employed 
for  excitation.  The  temporal  BP  emission  was  detected  with  a  streak  camera  (Hamamatsu, 
Tokyo,  Japan)  and  the  streak  signal  was  displayed  on  the  monitor  and  later  processed  with 
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t~.  I:'"-?;  us  i  ng  u  Stanford  SR245  interface  module  and  a  new  version  of  the  incorporated 

soft  wire  ■Stanf ird  Research  Systems,  Inc.,  Palo  Alto,  CA).  The  software  provided  multiple 
•  a  :  .  \  fitting  for  each  fluorescence  decay  curve. 


Results  and  Disc usslon 


ere  investigating  tne  temporal  characteristics  of  BP  emissions,  it  is  perhaps 
ate  to  review  a  few  steady  state  spectra.  Curve  B  in  Fig.  2  is  the  emission 
of  3?  in  in  aqueous  suspension.  The  region  *400-450  nm  corresponds  to  emission  of 
3  P  molecules  which  can  tumble  relatively  freely.  In  aqueous  suspensions,  BP 

s  are  scarce  because  of  the  high  hy d rophob i c i t y  of  the  hydrocarbon.  Most  of  the  BP 
s  ire  gathered  in  the  form  of  microcrystallites.  The  closeness  of  these  BP 
s  results  in  the  formation  of  excimers  upon  irradiation.  The  excimers  emit  a 

ly  intense  broad  hand  with  a  maximum  at  490  nm  and  a  shoulder  at  520  nm.  Emission 

n  liposo-.es  is  given  as  curve  C;  the  soluble  BP  emission  is  greatly  enhanced, 
ng  a  much  higher  number  of  freely  tumbling  3  P  molecules  in  the  system.  This  is 

only  when  most  BP  molecules  are  "dissolved"  in  the  midplane  of  the  lipid 
The  exciter  emission  is  seen  to  be  unaffected.  Since  excimers  can  be  formed  only 
ue  are  ground  state  BP  molecules  very  close  to  the  excited  BP  molecules  and  since 
m  i  T oc r y s t a  1 ’  i tes  are  believed  to  be  dissolved  under  the  experimental  conditions, 
appropriate  interpretation  of  the  excimer  emission  would  be  that  it  originated 
'  s  e  3?  molecules  trapped  near  the  glycerol  backbone  of  the  bilayer.  The  lateral 
of  these  B?  molecules  is  limited  and  their  reorientation  is  restricted.  The 

oo  of  two  spectral  bands  indicates  distinguishable  differences  in  the  residence 
these  excimers  or  their  molecular  conformations. 


Tne  microsome  solutions  have  some  residual  emission  (curve  A  of  Fig.  3)  probably  due 
t  c  the  intrinsic  fluorescence  of  the  proteins,  but  it  is  not  significant  as  compared  with 
5?  emission  either  in  the  aqueous  phase  or  in  liposomes.  This  background  emission  is 
corrected  in  a!’,  time-dependent  spectra,  a  few  of  which  are  reproduced  in  Fig.  3.  This  set 
■’  f  spectra  were  recorded  at  various  times  after  a  10  u  L  aliquot  of  a  BP  suspension  was 
iduce  1  into  a  ’.00  mL  buffer  solution  containing  4>l  yL  of  the  original  microsome  solu- 
'::n.  Prior  to  each  scan,  the  solution  was  stirred  for  about  30  s.  The  520  nm  excimer 
r,  tr.  i  decreased  as  metabolism  proceeded,  whereas  the  4  90  nm  band  increased  slightly  with 
time  md  « ''-ritual  ty  reached  a  constant  value.  This  indicates  that  all  BP  excimers  do  not 
inter’ act  in  identical  ways  toward  the  P -4  50- reductase  complex  and  that  those  excimers  emit¬ 
ting  around  520  nm  are  most  likely  the  reactive  species.  Recently,  Nelson  et  al . ,  studied 
tne  membrane  topology  of  34  different  vertebrate  cytochrome  P-450  proteins  and  proposed  a 
t n - e e  dimensional  model  in  which  the  P-450  may  be  envisioned  as  a  thick  triangle  lying  flat 
r  the  membrane  surface  with  the  heme  group  situated  in  the  plane  of  the  triangle  facing 
the  membrane  surface.  Lipid  soluble  substrate  molecules  approach  the  heme  from  the  mem- 
b-ar.e1^,  and,  therefore,  the  active  site  and  the  possible  access  channel  should  be  below 
the  heme  and  facing  the  membrane.  The  P-450  is  anchored  to  the  membrane  by  two  NH2~ 
terminal  transmembrane  helices.  This  model  is  agreeable  with  our  experimental  results 
which  indicate  that  the  reactive  BP  molecules  most  likely  reside  near  the  membrane  surface 
and  also  have  the  most  probable  orientation. 

Molecules  in  different  environments  normally  exhibit  different  spectral  characteris¬ 
tics.  Their  excited  states  may  also  have  different  lifetimes.  To  differentiate  the  BP 
excimers  in  the  membrane,  it  is  essential  to  study  their  relaxation  behaviors.  The  follow¬ 
ing  results  may  not  be  conclusive  enough  to  provide  positive  site  assignment  of  the 
exciters  but  lo  give  some  interesting  information. 

Fig.  4  shows  the  fluorescence  decay  of  BP  In  methanol  solution.  An  exponential  func¬ 
tion  with  three  terms  is  used  to  fit  the  curve.  Only  a  single  lifetime  of  6.7  ns  is  obser¬ 
ved,  indicating  one  SP  species  or  one  environment  for  BP  in  the  solution.  Since  the  time- 
resovled  fluorimeter  has  not  been  precisely  calibrated,  lifetimes  are  expressed  in  terms  of 
bin  numbers  in  all  the  figures.  Based  on  the  company  calibration  of  the  streak  camera,  a 
bin  approximately  corresponds  to  0.1  ns. 

When  there  are  two  or  more  residence  sites  for  BP  in  the  system,  particularly  when  BP 
in  these  sites  are  kinetically  interchangeable,  the  fluorescence  decay  curve  will  be  the 
result  of  overall  relaxation  of  all  involved  BP  species.  The  lifetimes  obtained  from 
fitting  the  decay  curve  are,  therefore,  the  combined  results  of  the  individual  relaxation 
constants.  More  information  will  be  required  to  deconvolute  these  relaxation  constants 
r-om  the  measured  lifetimes.  For  simplicity,  it  is  assumed  here  that  the  interchange  of  BP 
among  sites  is  relatively  slow  compared  to  the  fluorescence  decay  of  excited  BP 
molecules.  That  is,  the  residence  sites  of  BP  are  ina? pendent,  and  the  overall  decay  curve 
is  simply  the  sum  of  individual  relaxation  of  BP  in  different  sites. 


Curve-fitting  of  BP  relaxation  in  aqueous  suspension  (Fig.  5)  shows  three  distinct 
lifetimes  of  23.4,  11,1  and  8.6  nm,  respectively.  The  23.4  ns  is  probably  due  to 


background  fluorescence  which  has  a  decay  time  of  2  2.5  ns,  when  pure  buffer  solution  is 
used.  The  8.6  ns,  comparable  to  the  6.7  nm  in  methanol  solution,  could  be  assigned  to  the 
soluble  BP  and  the  11.1  ns  to  BP  in  microcrystallites.  When  a  large  amount  of  PC  liposome 
was  mixed  with  BP  suspension  in  the  PBS  solution  (Fig.  6),  two  lifetimes  of  11.0  and  12.2 
ns,  respectively,  were  observed.  However,  when  the  amount  of  PC  was  reduced,  a  lifetime  of 
5.0  ns  rather'  than  the  12.2  ns  was  obtained.  Our  previous  report' ^  showed  that  the  BP 
excimer'  emission  (both  the  ti  9  0  nm  and  520  nm  bands)  decreased  as  the  BP  suspension  was 
mixed  with  liposomes.  As  the  ratio  of  lipid-to-BP  increased,  the  excimer  emission 
increased,  passed  through  a  maximum,  and  decreased  again.  If  the  short  lifetime  could  be 
assigned  to  the  water-soluble  BP,  the  long  lifetimes  of  11.0  and  12.2  ns  might  be  assigned 
to  3P  associated  with  the  bilayer. 

When  nicrosomes  were  mixed  with  BP  suspensions,  the  relaxation  lifetimes  were 
kineticaily  dependent.  At  about  1.5  min  after  mixing,  a  short  lifetime  corresponding  to 
the  water-soluble  3  P ,  a  long  lifetime  corresponding  to  background  drifting,  and  an  inter¬ 
mediate  lifetime  of  10.0  ns  were  observed  (Fig.  71).  At  around  8.5  min,  the  lifetimes 
became  8.0,  10.1,  and  12.7  ns,  respectively  (Fig.  7b).  These  three  lifetimes  converged  to 
a  single  lifetime  of  10. A  ns  after  13.5  min  of  reaction  had  elapsed  (Fig.  7c).  Three  dif¬ 
ferent  lifetimes  of  10.7,  11. A,  and  12. A  ns,  respectively,  reappeared  as  reaction  was 
allowed  to  proceed  over  twenty  minutes.  The  kinetic  measurements  (Fig.  3)  showed  that  the 
BP  excimers  emitting  a  520  nm  were  almost  totally  consumed  in  18  min  of  reaction.  The 
disappearance  of  the  12  ns  lifetime'  seemed  to  support  its  assignment  to  these  excimers. 
Its  reappearance  at  longer  reactions  times  could  be  attributed  to  the  r e d i s t r i bu t i o n  of  BP 
in  the  membrane. 


The  above  preliminary  assignment  is  only  speculative;  its  consistency  with  other 
evidence  is  encouraging  and  justifies  further  investigation.  Polarization  measurements  and 
fluorescence  line  narrowing  studies  are  now  being  considered.  We  hope  more  accurate  site 
differentiation  and  molecular  orientation  may  be  obtained. 
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Figure  1.  Schematic  diagram  of  the  time- 
resolved  fluorimeter. 


Figure  2.  Emission  spectra  of  BP. 

(a)  residual  emission  of  40  uL  microsome  in 
2  mL  PBS,  (b)  50  uL  of  BP  dispersed  in  2  mL 
PBS,  (c)  40  uL  of  microsome  added  to  (b) . 
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Figure  3.  Time  scan  emission  spectra  of  BP. 
corrected  for  microsomal  residual  emission. 

(a)  10  uL  of  BP  dispersion  mixed  with  40  uL 
of  microsome  in  2  mL  PBS,  30  s  after  mixing, 

(b)  10  min  after  mixing,  (c)  20  min  after 
mixing,  (d)  30  min  after  mixing. 
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Figure  4.  Relaxation  decay  curve  of  BP  in 
methanol  solution. 
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Figure  5.  Relaxation  decay  curve  of  BP  in 
methanol  solution. 
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Figure  6a.  Relaxation  decay  curve  of  BP  in 
liposomes,  high  lipid/BP  ratio. 


Figure  6b.  Relaxation  decay  curve  of  BP  in 
liposomes,  low  lipid/BP  ratio. 
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Figure  7a.  Relaxation  decay  curve  of  BP  in 
microsomes,  1.5  min  after  mixing. 


Figure  7b. 
microsomes , 


Relaxation  decay  curve  of  BP  in 
8.5  min  after  mixing. 


Figure  7c.  Relaxation  decay  curve  of  BP  in 
microsomes,  li.5  min  after  mixing. 


Figure  7d. 
microsomes , 


Relaxation  decay  curve  of  BP  in 
22  min  after  mixing. 
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LASER  VAPORIZATION  FOR  SAMPLE  INTRODUCTION  IN  ATOMIC 
AND  MASS  SPECTROSCOPY 


Joseph  Sneddon 
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Abstract 

The  use  of  a  laser  to  ablate  or  vaporize  a  solid  sample  for  subsequent  introduction  to  an  atomic  or  mass  spectrometer  for  metal 
determination  will  be  discussed.  The  advantages,  disadvantages,  instrumentation,  possible  mechanism  of  vaporization,  analytical 
performance  characteristics,  and  selected  applications  will  be  further  presented. 

Introduction 

Despite  the  widespread  use  and  acceptance  of  atomic  and  mass  spectroscopy  for  metal  determination,  a  major  limiting  factor 
for  direct  determination  is  the  introduction  of  the  sample,  particularly  a  solid  sample.  A  potentially  useful  technique  for  sample 
introduction  of  solid  samples  is  laser  ablation  or  vaporization.  The  versatility  of  laser  ablation  for  sample  introduction  is 
summarized  in  Figure  1  and  the  advantages  and  disadvantages  are  summarized  in  Table  1. 


Figure  1.  Atomic  and  mass  spectroscopic  techniques  used  with  laser  vaporization  for  sample  introduction. 

Table  1 

Advantages  and  Disadvantages  of  Laser  Vaporization  for  Sample  Introduction  to  Atomic  and  Mass  Spectroscopic  Techniques. 


Advantages 

1 .  Directly  applied  to  solid  samples  with  little  or  no 
sample  preparation. 

2.  Can  use  conducting  and  non-conducting  samples. 

3.  Can  investigate  surface  heterogeneites  in  solid  samples. 

4.  Mass  of  a  few  microgram  or  less  required. 

5.  High  irradiance  of  laser  will  produce  an  efficient 
vaporization  stage. 

6.  Separation  of  vaporization  and  atomization-excitation 
stage  may  allow  these  separate  experimental  stages  to  be 
optimized  for  improved  signal  and  accuracy. 

7.  Hard,  polymeric  and  high  molecular  weight  compounds 
are  vaporized. 


Disadvantages 

1.  Standardization  is  difficult  to  achieve  particularly  if  the 
sample  to  be  analysed  has  an  unknown  and  complex  matrix. 

2 .  Laser  is  expensive  and  leads  to  more  complex  instrumentation 

3.  Detection  limits  are,  generally  not  as  low  as  established 
solution  techniques  (one  to  three  orders  of  magnitude). 

4.  Precision  typically  2-10  %,  if  hetergeneites  do  not  exist 
(compared  to  <  1  %  for  established  solution  techniques). 

5.  Accuracy  typically  ±  5  %  compared  to  <  1%  for  established 
solution  techniques. 

6.  Small  portion  of  sample  may  not  be  representative  of  bulk 


Instrumentation 

The  most  frequently  used  lasers  in  atomic  and  mass  spectroscopy  when  combined  with  sample  introduction  by  laser 
vaporization  are  summarized  in  Table  2.  Laser  vaporization  hasbeen  coupled  with  the  direct  current  plasma  (DCP)1,  inductively 

Table  2 

Most  Frequently  Used  Lasers  in  Atomic  and  Mass  Spectroscopy. 

1.  Nd  :  YAG  (1.064  pm) 

2.  C02  (10.6  pm) 

3.  Ruby  (0.694  pm) 

4.  Nd  :  Glass  (1 .064  pm) 

5.  Nitrogen  (0.337  pm) 

6.  Rare  Gas  /  Halogen  Excimer  (Argon  Fluoride  :  0.193  pm) 

(Krypton  Fluoride  :  0.248  pm) 

(Xenon  Chloride  :  0.308  pm) 

(Xenon  Fluoride  :  0.351  pm) 

7.  Dye  (0.220-0.740  pm) 

coupled  plasma  (ICP)2,  microwave  induced  plasma  (MIP)3,  flame4  and  electrothermal  atomizer  (furnace)5.  Atomic  emission  (AES) 
and  atomic  absorption  spectroscopy  (AAS)  are  widely  used  but  atomic  fluorescence  spectroscopy(AFS)  has  found  limited  used  with 
laser  vaporization.  The  laser  parameters  which  can  effect  the  vaporization  parameters  are  summarized  in  Table  3.  The  type  of  sample 

Table  3. 

Laser  Parameters  which  can  Effect  the  Vaporization  Process 


1.  Wavelength  :  mass  ablation  rate,  m  (kg  /  s  cm2)  =  110  (  $>a  /1014)  1/3  (X)  4/3 

<§a  is  absorbed  flux,  W/cm2.  m  would  increase  at  shorter  wavelengths 
and  subsequently  give  higher  sensitivity  (more  sample  vaporized). 

2.  Pulse  Rate  :  The  higher  the  pulse  rate,  the  greater  the  amount  of  material  removed 

and  subsequently  the  greater  the  sensitivity. 

3.  Irradiance  :  The  greater  the  irradiance  the  greater  the  amount  of  material  removed 

from  the  surface,  and  subsequently  the  higher  the  sensitivity. 


in  particular,  the  hardness  can  effect  the  signal1 . 

Mechanism  of  Vaporization 

Despite  the  potential,  attraction  and  use  of  laser  vaporization  for  sample  introduction  in  atomic  and  mass  spectroscopy,  the 
exact  mechanism  is  unknown  at  present.  A  schematic  diagram  of  the  proposed  steps  is  shown  in  Figure  26. 

Analytical  Performance  Characteristics  and  Selected  Applications 

The  detection  limits  for  various  metals  using  laser  vaporization  for  sample  introduction  to  atomic  spectroscopic  techniques  is 
shown  in  Table  4.  In  general,  detection  limits  are  in  the  low  jig/g  levels.  Precision  is  typically  under  10  %,  accuracy  at  low  levels  of 


Conclusion 

Laser  vaporization  for  sample  introduction  in  atomic  and  mass  spectroscopy  will  continue  to  attract  attention  of  analytical 
chemists.  Improvents  in  instrumentation  and  an  understanding  of  the  exact  mechanism  of  the  process  will  lead  to  more  widespread  use 
and  acceptance. 
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Analytical  Laser  Plume 
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Atmospheric  Pressure  Shock  Wave  can  Form 


Figure  2.  Schematic  diagram  of  steps  which  can  occur  in  the  laser  vaporization  of  a  solid  sample6. 


Table  4 


Metal 

Detection  Limits  for  Various  Metals  Using  Laser  Vaporization  -  Atomic 

Analysis  Method  { pg/g  [ppm]) 

Spectroscopy 

ICP1 

ICP2 

DCP 

MIP 

ET 

FLAME 

ICP-MS 

Al 

20 

2 

- 

9.3 

1  1 

. 

- 

/'g 

- 

- 

- 

- 

- 

- 

0.3 

As 

- 

- 

- 

- 

- 

- 

2 

Bi 

- 

- 

- 

- 

- 

- 

0.2 

Cd 

8 

0.6 

48 

- 

- 

- 

- 

Cr 

1  0 

1 

31 

- 

20 

- 

- 

CU 

9 

0.3 

21 

2.4 

7.2 

1  0 

- 

Mg 

- 

- 

- 

- 

1 

- 

- 

Mn 

3 

0.3 

1  8 

- 

37 

20 

- 

Mo 

20 

2 

30 

- 

1  0 

- 

- 

Ni 

20 

1 

32 

1  2 

24 

- 

- 

Te 

- 

- 

- 

- 

- 

- 

0.3 

V 

20 

1 

- 

- 

- 

- 

- 

Zn 

- 

- 

- 

- 

22 

50 

- 

Zr 

- 

- 

50 

- 

- 

- 

0.3 

1.  Q-switched. 

2.  Normal 

Detection  limits  were  taken  from  literature.  Due  to  differences  in  instrumentation 
/  operating  conditions  they  should  not  be  directly  compared  to  each  other. 

±  5  %,  and  linearity  over  several  orders  of  magnitude  above  the  detection  limit.  The  application  of  laser  ablation  in  atomic  and  mass 
spectroscopy  has  been  in  major,  minor,  and  trace  metal  determination  in  solid  samples,  organic  and  biomolecular  analysis,  and  in 
photophysical  and  kinetic  studies7. 
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Abstract 


The  laser  is  an  ideal  ignition  source  for  energetic  materials.  It  permits  precise  control  of  the 
ignition  energy,  and  parameters  such  as  the  ignition  threshold  and  the  time  to  ignition  can  be 
determined.  Optical  fibers  are  used  to  deliver  the  ignition  pulse  and  to  monitor  the  time  required  to 
complete  the  burn  of  the  energetic  material.  The  light  emission  from  the  interaction  of  the  Q-switched 
pulse  from  the  Nd:YAG  laser  with  two  secondary  explosives,  pentaerythritol  tetranitrate  (PETN)  and 
1 , 3, 5-triaminotri nitrobenzene  (TATB),  has  been  spectrally  resolved  using  a  0.25  m  monochromator  with  an 
optical  multichannel  analyzer  detector.  These  spectra  show  definite  band  structure,  which  indicates 
that  these  experiments  may  lead  to  an  understanding  of  the  ignition  chemistry. 


Introduction 


The  properties  of  energetic  materials,  such  as  their  Ignition  threshold,  the  time  required  for 
ignition  to  begin,  and  the  burn  rate  of  the  material,  are  of  primary  importance  to  understanding  these 
materials  and  how  the  devices  that  contain  them  function.  The  laser  is  an  excellent  ignition  source  for 
these  materials.  The  laser  energy  can  be  very  carefully  measured  and  precisely  controlled.  By 
carefully  adjusting  the  laser  energy,  the  ignition  threshold  for  the  material  can  be  determined.  An 
optical  fiber  delivery  system  is  used  to  direct  the  laser  pulse  to  the  material.  By  using  this  fiber 
and  a  second  fiber  to  monitor  the  burn  of  the  material,  details  of  the  ignition  and  burn  can  be  obtained 
with  each  shot.  Several  energetic  materials  h_ve  been  ignited  in  this  manner  using  the  un-Q-swi tched 
pulse  from  the  Nd : YAG  laser.  The  light  flash  produced  in  the  ignition  should  contain  information  on  the 
chemistry  of  *he  ignition  as  well  as  provide  timing  information.  This  ignition  light  was  investigated 
by  spectrally  resolving  the  emission  created  when  a  Q-switched  pulse  from  the  laser  impacted  the  surface 
of  a  pellet  of  a  secondary  explosive.  The  preliminary  spectra  taken  from  two  different  secondary 
explosives  have  indicated  that  considerable  information  may  be  obtained  when  the  light  emission  is 
recorded  under  high  resolution. 


Experimental  Results 


The  ignition  of  the  energetic  materials  with  the  un-Q-swi tched  pulse  of  the  Nd:YAG  laser  was 
performed  in  the  apparatus  shown  in  Figure  1.  The  pulse  from  the  Nd:YAG  laser  was  reflected  from  the 
high  ref lector (HR )  for  the  1.06A  micron  wavelength,  and  coupled  into  the  optical  fiber  with  the 
appropriate  lens.  About  1 0  %  of  the  laser  pulse  was  split  off  and  sent  to  a  photodiode  (not  shown)  to 
monitor  the  pulse  and  mark  the  initial  time.  The  ignition  light  from  the  energetic  material  came  back 
out  of  the  fiber,  was  recollimated  by  the  lens,  was  sent  through  the  HR  for  1.064  microns,  and  was  sent 
to  a  second  photodiode  to  record  the  ignition  time.  As  the  material  burned  to  completion,  an  optical 
fiber  at  the  end  of  the  component  transmitted  the  light  to  a  third  photodiode  to  record  the  function 
time  of  the  device. 


* 

EG&G  Mound  Applied  Technologies  is  operated  for  the  U.  S.  Department  of  Energy  under  Contract  No. 
DE-AC0A-88DP43495. 
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Figure  1  -  Laser  ignition  apparatus. 


An  example  of  the  type  of  data  that  is  recorded  is  shown  in  Figure  2  a-d.  The  figure  shows  data 
from  a  small  test  device  containing  the  pyrotechnic  titanium  potassium  perchlorate.  The  first  three 
sets  of  Figures  (2  a-c)  show  only  the  laser  pulse  which  was  delivered  through  a  600  micron  optical 
finer,  and  the  ignition  light  that  was  transmitted  back  out  through  this  fiber.  The  three  traces 
represent  laser  energies  of  53 >  72,  and  100  millijoules,  respectively.  The  laser  pulse  in  Figure  4d  was 
delivered  through  a  300  micron  optical  fiber  and  had  an  energy  of  26  millijoules.  The  "breakout"  light 
is  superimposed  on  the  laser  pulse  record,  but  the  timing  mark  for  the  completion  of  the  burn  can  still 
easily  be  measured.  This  system  is  currently  being  used  to  evaluate  several  pyrotechnic  materials. 

In  addition  to  providing  a  timing  mark  indicating  the  start  of  ignition,  the  ignition  light  may 
contain  information  about  the  ignition  chemistry.  The  chemical  species  produced  during  the  interaction 
of  a  laser  pulse  with  an  energetic  materials  is  being  investigated  using  emission  spectroscopy.  By 
spectrally  resolving  the  ignition  light,  it  may  be  possible  to  identify  specific  chemical  species, 
leading  to  an  understanding  of  the  laser  initiation  process.  Comparison  of  energetic  materials 
(secondary  explosives  and  pyrotechnics)  is  possible,  including  the  effects  of  various  additives. 

This  technique  was  evaluated  by  spectrally  resolving  the  light  emission  produced  when  a  laser 
pulse  impacted  a  pellet  of  a  secondary  explosive.  A  schematic  of  the  apparatus  used  to  perform  these 
experiments  is  shown  in  Figure  3-  A  10-ns  Q-switched  pulse  from  a  Nd: YAG  laser  operating  at  1064  nm  was 
focused  onto  the  surface  of  an  explosive  pellet  in  such  a  manner  that  it  would  not  detonate.  An 
evacuated  chamber  houses  the  pellet  to  prevent  any  interaction  with  the  air.  A  quartz  window  allows  the 
laser  pulse  to  enter  and  the  emission  light  to  exit.  The  emission  light  is  focused  onto  the  end  of  a 
fiberoptic  bundle,  which  transmits  it  to  a  0.25  m  monochromator.  An  optical  multichannel  analyzer  (OMA) 
serves  as  the  detector  of  the  resultant  spectrum.  The  OMA  allows  the  simultaneous  acquisition  of 
approximately  300  nm  of  the  spectrum,  thus  providing  an  efficient  technique  to  study  such  fast  events. 

Figures  4  and  5  show  the  laser  interaction  emission  spectra  of  pentaerythr i tol  tetranitrate  (PETN) 
and  1 , 3,5-triaminotrinitrobenzene  (TATB),  respectively.  Both  spectra  cover  the  wavelength  range  from 
360  nm  to  660  nm.  There  is  a  definite  band  structure  in  each  of  these  two  spectra  that  needs  to  be 
investigated  under  higher  resolution  to  make  an  identification  of  chemical  species.  The  band  structure 
of  the  two  spectra  is  also  quite  different,  which  would  be  expected  since  two  explosives  are  very 
different  in  chemical  structure. 
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Figure  3  -  Laser  interaction  emission  spectroscopy  apparatus 
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Figure  4  -  Laser  interaction  emission  spectrum  of  PETN. 
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Figure  5  -  Laser  interaction  emission  spectrum  of  TATB. 


Conclusions 

Two  different,  but  complementary,  experiments  have  been  established  to  evaluate  the  laser 
initiation  of  energetic  materials.  In  one  experiment,  ignition  thresholds  and  timing  information  on  the 
interaction  of  the  laser  pulse  with  the  energetic  material  can  be  obtained.  In  the  other  experiment, 
the  ignition  light  is  spectrally  resolved  to  evaluate  the  ignition  chemistry.  Excellent  spectra  can  be 
obtained,  and  future  work  should  permit  the  identification  of  chemical  species  produced  in  the  ignition. 
Experiments  that  temporally  resolve  the  light  produced  in  the  ignition  are  also  planned  to  further 
evaluate  the  ignition  chemistry. 
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Abstract 

A  technique  for  optically  exciting  and  detecting  vibrational  resonances  in  transition  state  (TS) 
configurations  of  chemical  reactions  is  described.  By  dressing  the  TS  with  intense  infrared  (IR) 
picosecond  pulses  (>GW/cm2),  for  well-defined  reactant  initial  conditions,  resonant  TS  interactions 
such  as  absorption  and  stimulated  emission  can  become  manifested  by  measurable  changes  in  the 
reaction  rate  and  the  product  rovibrational  distributions.  In  order  that  all  TS  configurations  evolve 
during  this  pulse  duration,  a  conventional  pump-t-probe  sequence  using  ultrashort  pulses  is  used 
to  initiate  the  reaction  and  to  detect  a  product  energy  state  after  some  time  t  that  is  short  relative 
to  the  IR  pulse  duration.  The  transition  states,  therefore,  evolve  in  an  intense,  but  effectively 
continuous  wave  IR  radiation  field.  The  essential  features  illustrating  the  TS  spectral  lineshapes 
and  experimental  conditions  were  modeled  by  adopting  a  radiation-dressed  potential  surface  and 
evaluating  the  vibrational  transition  probability  by  an  exact  density-matrix  solution.  Results  are 
presented  to  describe,  (1)  the  conditions  under  which  significant  TS  transition  probability  occurs, 
and  (2)  how  a  frequency- resolved  vibrational  spectrum  can  be  interpreted  in  terms  of  the  detailed 
shape  and  dynamics  of  the  reactive  surface. 


Introduction 

During  the  course  of  a  chemical  reaction,  a  transformation  of 
molecular  bonds  occurs  which  leads  to  structural  configurations 
that  are  intermediate  between  reactants  and  products.  These  ex¬ 
ceedingly  short-lived  structures  have  come  to  be  known  at  “tran¬ 
sition  states”.  While  it  is  true  that  the  region  known  as  the  tran¬ 
sition  state  can  be  rather  diffuse  and  span  a  large  configuration 
(or  phase)  space,  the  potential  surface  is  believed  to  show  ripples 
and  shallow  minima  which  can  enhance  the  transient  lifetimes  of 
certain  structures.  The  direct  detection  of  transition  states  (or 
"reaction  complexes”)  is  considered  one  of  the  most  important 
goals  in  chemistry  and  physics  today. 

One  of  the  most  fruitful  approaches  for  obtaining  transition 
state  information  has  been  to  use  crossed  molecular  beam  sys¬ 
tems  to  study  the  product  angle-velocity  distributions  following 
monoenergetic  collisional  excitation.1'2  State-to-state  studies  of 

reactant  and  product  energy  levels  has  also  provided  informa¬ 
tion  that  could  be  interpreted  in  terms  of  unique  transition  state 
properties.2  The  crossed  beam  and  state-to-state  experiments, 
however,  do  not  directly  observe  the  transition  state,  but  rather 
derive  detailed  understanding  via  information  obtained  about  the 
products. 

Frequency-Domain  Techniques:  Brooks3,4  and  Polanyi5'6  and 
their  coworkers,  using  frequency-domain  techniques,  were  the  first 
to  report  evidence  for  spectroscopic  detection  of  a  transition  state. 
The  most  compelling  evidence  by  Brooks,  et  a!.,4  for  TS  ab¬ 
sorption  is  an  experiment  based  on  the  reaction  K  +  NaCl  + 
he  —  KC1  +  Na*.  They  observed  emission  from  the  Na  D 
line  for  hi/  excitation  wavelengths  that  were  off  resonance  from 
either  reactant  or  product  and  concluded  that  the  reaction  com¬ 


plex  [NaKCl]*  must  be  the  absorbing  species.  These  wing  ab¬ 
sorptions  in  the  reactive  complex  have  the  same  physical  basis 
as  collisional  line  broadening.  Polanyi  focussed  on  a  complemen¬ 
tary  approach,  searching  instead  for  wing  emission  eminating  from 
the  [FNaNa]*  reactive  complex.  These  early  studies  were  marked 
by  exceptionally  weak  signals  that  rendered  analysis  rather  ten¬ 
uous.  Only  since  1987  have  major  advances  been  made  in  the 
endeavor  to  detect  transition  states.  Polanyi,  et  a/.6  have  pro¬ 
vided  a  convincing  demonstration  of  detection,  by  multiphoton 
ionization,  of  a  transient  [HDD]*  configuration  in  the  exchange 
reaction  H+D2  — *  IID-fD.  However,  the  technique  only  probes 
for  TS  geometries  that  have  Franck-Condon  overlap  with  the  ex¬ 
cited  and  ionic  bound  states  of  HDD.  This  experiment  has  yet  to 
resolve  any  resonances  of  [HDD]*  from  which  to  obtain  structural 
and  dynamical  information.  Valentini  and  Nieh7  have  recently 
reported  the  remarkable  observation  of  collisional  resonances  in 
the  H+Hi  reaction  that  correlate  with  enhanced  production  of 
ILt v=  1 )  averaged  over  all  scattering  angles.  Although,  not  a  di¬ 
rect  observation,  this  result  is,  nonetheless,  the  most  convincing 
measurement  of  vibrational  structure  in  a  TS.  In  another  clever 
application,  Neumark,  et  a/.8  formed  stable  anions  of  ClIICl"  and 
then  recorded  photoelectron  spectra  to  the  unstable  neutral  com¬ 
plex  ClIICl.  The  broad,  but  resolved  spectrum  is  argued  to  repre¬ 
sent  vibrational  information  on  the  transition  state  region  of  the 
reaction  Cl+IICl.  The  inevitable  question  regarding  methods  that 
rely  on  bound-unbound  transitions,  however,  is  to  what  extent  the 
detected  unbound  geometry  represents  simply  a  Franck-Condon 
projections  of  the  bound  state. 

Time-Domain  Techniques:  With  continuing  advances  in  ul¬ 
trafast  laser  techniques,  it  is  only  natural  that  interest  in  time- 
domain  techniques  would  ensue  in  the  hunt  for  transition  state  de¬ 
tection.  Zewail  and  coworkers  have  surged  to  the  forefront  in  this 
endeavor  with  a  number  of  important  developments  in  1987  and 
1988.9'11  Principal  among  these  are  results  for  the  unimolecular 
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dissociation  of  K'V  and  CH3I10  using  a  pump-f-probe  scliome 
in  which  the  probe  frequency  is  tuned  off-resonance  of  a  reaction 
product.  In  so  doing  they  observed  signals  that  rise  and  fall  with 
delay  time  t  representing  a  transition  state  geometry  that  "passes 
through”  a  resonance  with  the  probe  frequency.  The  detection 
scheme  is  a  variant  of  Brook's  technique  of  using  product  emis¬ 
sion  to  detect  wing  absorptions  attributable  to  a  collision  complex. 
Instead,  the  reaction  is  unimolecular  and  initiated  by  a  subpi¬ 
cosecond  pulse.  This  has  the  advantage  of  providing  very  high 
instantaneous  densities  of  transition  state  structures  and  the  un¬ 
questioned  benefits  of  time-resolved  information.  Using  this  same 
technique  for  the  dissociation  of  Nal.  Zewail  and  coworkers11  have 
observed  a  periodicity  in  the  formation  of  product  Na  due  to  a 
small  nonadiabatic  transition  probability  for  reaction  that  occurs 
each  time  t he  vibrational  motion  of  the  excited  Nal  encounters  a 
surface  crossing  transition  region. 


Transient  Vibrational  Spectroscopy 

The  optical  detection  of  transition  state  configurations  re¬ 
ported  thus  far  have  generated  enormous  excitement.  However, 
there  are  still  certain  limitations  to  be  overcome  before  they  pro¬ 
vide  uniquely  descriptive  pictures  of  the  transition  state  region. 
For  instance,  electronic  transitions  measure  the  energy  differ¬ 
ence  between  two  different  potential  energy  surfaces  (PES);  yet 
neither  PES  is  likely  to  bo  known  in  the  region  of  the  transi¬ 
tion  ■.tafo.  Likewise,  tiie  use  of  hound-unbound  transitions  faces 
Franck-fondon  restrictions  that  can  severely  limit  the  range  of 
I  S  geometries  that  are  actually  detected. 


Fig  1.  Schematic  of  3-pulse  sequence  for  detecting  vibrational 
resonances  in  transition  states  and  reactive  intermediate  com¬ 
plexes  The  pulses  ur  and  up  refer  to  excitation  of  reactant  and 
product,  respectively  Idealized  vibrationaily  adiabatic  surfaces 
(.VI  (t)  and  u)j(O)  for  the  [A  ■■  B  CJ*  asymmetric  stretch  are 
drawn  to  correlate  with  reactant  and  product  vibrations. 


Concept  of  Experiment 

We  describe  a  technique  that  can  provide  vibrational  spec¬ 
tra  of  transition  states.  The  central  idea  here  is  that  excitation 
of  short-lived  TS  vibrations  can  become  "imprinted”  onto  long- 
lived  properties  of  the  products  (i.e.,  action  spectroscopy)  that 
can  be  routinely  detected  as  a  change  in  reaction  probability 
or  rate,  and/or  product  rovibrational  distribution.  It  has  been 
recognized  theoretically12-14  that  intense  laser  fields  can  inter¬ 
act  with  transition  states  and  influence  the  course  of  a  chemi¬ 
cal  reaction.  The  reactive-complex  absorption  wings,  observed 
by  Brooks4  and  Zewail9-11  for  electronic  states,  are  an  example 
of  this  phenomenon,  in  the  sense  that  these  absorptions  produce 
electronically  excited  product.  Work  in  this  laboratory  has  shown 
that  the  conditions  of  a  CW  radiation  dressed  TS  can  be  realized 
experimentally,  in  a  manner  that  is  sensitive  to  the  detection  of 
vibrational  resonances  in  the  TS.15  The  requirement  of  intense  IR 
radiation  (>GW/cm2),  during  the  course  of  the  reaction,  is  satis¬ 
fied  by  using  short  (e.g.,  picosecond)  pulses.  In  order  that  all  TS 
configurations  evolve  during  this  pulse  duration,  a  conventional 
pump-/-probe  sequence  using  ult.rashort  pulses  is  used  to  initi¬ 
ate  the  reaction  and  to  detect  a  product  energy  state  after  some 
time  /  that  is  short  relative  to  IR  pulse  duration.  As  represented 
schematically  in  Fig.  1,  the  presence  of  the  ui  long-pulse  across 
the  wr-r-u)p  short-pulse  interval  describes  a  reaction  that  evolves 
in  the  presence  of  an  intense  CW  radiation  field. 

Several  modes  of  detecting  TS  vibrational  resonances  as  a 
function  of  u  and  r  can  be  envisioned  to  resolve  the  resonance 
frequencies,  each  providing  unique  details  of  the  TS  reactive  PES 
and  the  coupling  of  vibrational  energy  to  the  reactive  coordinate: 

(1)  Enhancement  of  reaction  probability  P(u),t)  or 
rate  k( w),  due  to  TS  absorption:  This  mode  is  particular 
sensitive  if  the  excitation  energy  wr  is  below  the  reaction 
threshold. 

(2)  De-enhancement  of  P(ui,  r)  or  k(u>),  due  to  stim¬ 
ulated  emission  from  collisionally  excited  TS  vibrations: 

This  variant  would  permit  direct  detection  of  the  colli- 
sional  resonances  observed  in  molecular  beam  scattering 
experiments.1,7 

(3)  Excitation  or  de-excitation  of  product  rovibra¬ 
tional  energy  corresponding  to  TS  absorption  or  stim¬ 
ulated  emission,  respectively:  The  induced  changes  in 
the  product  state  distributions  can  be  correlated  to  the 
actual  vibrational  coordinates,  amplitudes  of  motions, 
and  angular  momenta  corresponding  to  the  particular 
TS  resonance. 

(4)  Ultrashort  u;  pulse  that  may  be  positioned 
within  the  reactive  t  period  to  probe  early  and  late  TS 
configurations.  Exceptional  time  resolution  (<  100  fs) 
will  be  required,  because  the  TS  vibrational  spectrum 
will  be  dominated  by  the  most  stable  configuration. 

The  vibrational  TS  spectra  are  further  enhanced  by  limiting  the 
distribution  of  reactive  trajectories  so  as  to  probe  specific  regions 
of  transitional  configuration  space.  This  can  be  achieved  by  study¬ 
ing  unimolecular  reactions,  or  oriented  bimolecular  reactions  initi¬ 
ated  by  dissociating  a  molecule  in  a  suitably  chosen  van  der  Waals 
mixed  dimer16  (e.g.,  X A  ■  BC  - »  [A  -  ■  ■  B  ■  ■  C]1  — *  AB  +  C). 

A  quantitative  model  for  establishing  the  necessary  experimental 
conditions,  as  well  as  interpreting  the  TS  vibrational  lineshapes, 
is  presented  later. 
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Fig.  2.  Schematic  for  generating  3- 
pulse  sequence,  using  a  pulsed  mode- 
locked  (ML)  Nd:YAG  laser,  short- 
cavity  dye  laser,  and  optical  para¬ 
metric  generation  (OPG)  devices. 
Typical  pulse  energies  and  durations 
are  indicated. 


Experimental  Arrangement 

The  three- pulse  sequence  diagrammed  in  Fig.  1  will  be  gen¬ 
erated  by  a  picosecond  Nd:YAG  laser  pumping  a  combination  of 
tunable  optical  parametric  devices  and  a  tunable  ps  dye  laser. 
An  arrangement,  which  makes  use  of  the  Nd:YAG  fundamental 
(1064  nm)  and  the  second  (532  nm)  and  third  harmonics  (355 
nm)  is  given  in  Fig.  2.  Our  approach  takes  maximum  advantage 
of  the  high  pulse  energies  provided  by  our  pulsed  and  amplified 
mode-locked  laser.  Typical  pulse  energies  and  pulsewidths  in  the 
standard  configuration  are  included  in  Fig.  2  for  each  stage  lead¬ 
ing  to  the  three  pulses,  u>r,  w,  and 

The  source  of  vibrational  excitation  in  the  transition  state 
will  take  the  form  of  15-20  ps  tunable  IR  pulses  of  about  1-2 
tnj/pulse.  This  is  generated  by  a  standard  nonlinear  paramet¬ 
ric  method17  which  uses  the  intense  1064  nm  Nd.YAG  pulse  to 
generate  two  sum  frequencies  in  the  IR  with  a  tuning  range  of 
1.5-5  fim.  Modest  focussing  to  beam  diameters  less  than  1  mm 
gives  the  necessary  >  10  GW/cm2  pulse  energies  to  vibrationally 
excite  TS  configurations.  The  pump  (wv)  and  probe  (w)  pulses 
require  a  large  visible  (VIS)  and  ultraviolet  ( U V )  tuning  range. 
This  is  provided  by  a  short-cavity  dye  laser,  pumped  by  the  532 
nm  NdtYAG  output.  A  second  source  of  tunable  visible  frequen¬ 
cies  is  available  by  pumping  an  optical  parametric  arrangement 
with  the  355  nm  Nd:YAG  harmonic. 

Theoretical  Description 

In  this  section,  we  provide  the  beginnings  of  a  quantitative 
basis  for  interpreting  the  TS  spectra.  The  model  calculations  to 
follow  not  only  demonstrate  the  soundness  of  the  experimental 
approach,  but  make  the  physical  connection  between  observed 
spectra  and  the  detailed  dynamics  of  a  collision  complex  on  a 
reactive  potential  surface. 

The  Photon-Dressed  Potential  Energy  Surface 

The  essential  features  illustrating  vibrational  correlation.  TS 
spectral  lineshapes,  and  experimental  conditions  can  be  viewed 
by  adopting  a  simple  model  for  a  radiatively  dressed  PES  and 
evaluating  the  transition  probability  by  an  exact  density  matrix 
solution.  This  is  an  appropriate  representation  because  the  in¬ 
tense  IR  pulse  w  appears  as  a  constant  radiation  field  over  the 
short  detected  reaction  period  t,  as  illustrated  in  Fig.  1.  For 
vibrational  excitation  on  the  same  electronic  surface,  the  Hamil¬ 


tonian  (in  frequency  units)  may  be  written  as 

H  =  H0(t)  +  Hint(t) 

H0  =  Tq+o}a+a~  (1) 

H,nt  =  /i(f)  •  cD(a+  +  a~  ) 

H0  consists  of  the  nuclear  kinetic  energy  operator  Tq  and  the 
field-free  radiation  Hamiltonian  where  a+  and  a~  are  the  photon 
creation  and  annihilation  operators.  The  interaction  Hamiltonian 
Hint  contain  the  dipole  operator  fi  and  laser  electric  field  strength 
f»(we  assume  a  single  mode  and  polarization).  Operation  of  H  on 
the  matter-radiation  basis  states  gives  the  diagonal  energy  matrix 
elements, 

(",\i|Wo(0|\i,n)  =  ~',(()  +  u> 

<"-  L\2|H0(<)|\2,n-l)  =  wj(t)  (2a) 

where  |n)  and  |n  -  1)  are  the  photon  states  in  an  n-photon  field 
(where  we  consider  only  one-photon  transitions).  The  interaction 
of  the  dipole  moment  with  the  incident  radiation  field  has  only 
the  off-diagonal  elements 

(2b) 

The  time  dependence  arises  from  the  effect  of  the  reactive  tra¬ 
jectory  velocity  vector  v(r,  t)  on  the  coordinate  dependent  Hamil¬ 
tonian.  The  radiation-dressed  lower  surface  is  shifted  from  the 
uncoupled  surface  (given  by  T,|\i)  =  uq|\i))  by  the  radiation 
frequency  lj.  If  the  dressed  lower  surface  approaches  or  crosses 
the  upper  surface  then,  depending  on  the  interaction  strength 
a  mixing  of  states  occurs  which  makes  possible  a  transition. 

The  mixing  of  the  basis  states  gives  the  correct  shape  of  the 
PES  in  the  vicinity  of  the  crossing.  The  true  eigenfunctions  |\') 
and  energies  if  can  be  solved  for  the  time-dependent  Hamiltonian 
elements  above,  and  are  given  by 

l\l>  =  |\i)cos0  +  |\2> sin  9 

K'i)  =  -I\i)sin0+  |\3)cosff  (3) 

where 


Vi.2  =  ±[/'(02G  +  fi(02]1/2 

—  ( U/’2  —  L>|  )  —  uJ 
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Rotation  Matrix  Solution 

Wo  find  it  advantageous  to  use  the  density  matrix  formalism 
for  evaluating  population  probabilities  or  densities.  The  time- 
dependent  probability  of  populating  the  upper  level  can  be  eval¬ 
uated  by  solving  the  density  matrix  equation  p  =  i[p ,  //]  for  the 
element  p>>.  This  formalism  has  the  advantage  of  leading  to  a  so¬ 
lution  that  is  completely  general  for  all  models  of  the  PES  surface 
and  interaction  strengths.  Without  presenting  the  full  details15 
here,  eve  solve  for  the  four  elements  of  p  by  casting  them  as  a 
column  vector  and  applying  an  appropriate  transformation18  to 
help  decouple  the  equations.  One  obtains. 


p(tn)  =  K{tn.t0)p(t0) 

IZ{t„,  t,,)  =  exp  |  i  J  £(f)dtj 


where  p  is  the  column  vector  {pu—  pn-  «( pu—pi\ ):  P12  +  P21 }  and 
C  follows  from  the  transformed  equations  4-tp  =  iCp.  The  evalu¬ 
ation  of  the  evolution  operator  JZ(tn,t0)  is  essentially  intractable 
except  for  the  simplest  Hamiltonian  time  dependences.  However, 
in  the  appropriate  representation,18  7 !((„,(„)  takes  the  form  of  a 
rotation  matrix  that  can  be  expressed  conveniently  by  a  piecewise 
product  of  rotation  matrices 


-2.0  -1.0  0.0  1.0 


log  -t(ps) 

Fig.  :t.  Transition  probability  P( r,  t>+l)  for  absorption  (A p{l„) 
—  1)  or  stimulated  emission  (Ap(t<,)  =  1)  as  a  function  of 

laser  power  density  and  quasibound  lifetime  r  Parameters  used 
in  the  contour  plot  were  p(t)  =  0.2  D,  u  =  2020  cm-1,  and 
wr(/)  =  a*[(2</r)  —  l]2  +  6*  where  0[  =  80  cm-1,  61  =  1000 
cm-1,  and  a;  =  160  cm-1.  62  =  3000  cm'1. 


TZ(tnJ,)  =  K(tn,tn-l)---1Z(tut0)  (5) 

over  incremental  time  intervals  during  which  H  is  approximately 
constant.  The  coherence  properties  and  their  intermediate  role  in 
the  time-evolved  transition  probability  are  fully  preserved  by  this 
treatment. 

The  vibrational  transition  probability  at  the  end  of  a  reactive 
trajectory  is  evaluated  by  solving  for  the  population  difference 
Pit  -  P'2'2 •  For  the  initial  condition  p\i(to)  =  p2i(to)  =  0,  the  ru 
element  of  the  product  matrix  72(fn,f„)  must  be  evaluated.  The 
product  of  matrices  in  Eq.  (5)  can  be  reduced  to  a  product  of  2x2 

n 

matrices  Q(  t„.t0)  =  fj  Q(l,,  f,_t )  consisting  of  the  elements 

i=t 


<7i  1  ( c, )  =  qj,(r,)  =  cos  -6,r,  -  tcosfl,  sin  -6,r, 

<7i2(r.)  =  r/2i(f.)  =  tsinfl.sin  ^6,rj  (6) 


with  terms  defined  as 

tan#,  =  -^-_ 

t‘iO, 

f Ht)  =  u I2(t)  -Ut,(f)-u; 

(.(()=  +  QU)2}1'2 

where  r,  =  /,  -  f , _ j  and  the  bar  represents  the  average  value 

over  the  r,  interval.  The  general  solution  for  A p  -  p\  1  -  pi 2  is 
then  given  by 

A  p(tn)  =  rn(tn.f0)Ap(t„)  (7) 


where  Cn(fn,<„)  is  obtained  from  the  elements  of  the  product 
matrix  by  the  expression 

'II  =  r2  [(<??]  +  922)  -  (?12  +  921  )]  (*) 


Model  Calculations 

The  above  model  will  serve  to  demonstrate  the  experimental 
technique  represented  in  Fig.  1  by  addressing  two  important  ques¬ 
tions;  (1)  under  what  conditions  will  a  significant  TS  transition 
probability  occur,  and  (2)  can  a  frequency-resolved  vibrational 
spectrum  be  interpreted  in  terms  of  the  detailed  shape  and  dy¬ 
namics  of  the  reactive  PES?  These  points  are  examined  in  Figs. 
3-5.  Although,  we  shall  use  a  general  strong-field,  coherent  den¬ 
sity  matrix  solution,  we  adopt  a  simple  model  for  the  reactive 
trajectory  in  that  we  assume  localized  trajectories,  no  decay  or 
relaxation  processes  other  than  reaction,  and  simple  functional 
forms  for  the  potential  surfaces. 

The  calculated  results  are  based  on  a  shallow  potential  well 
in  the  TS  region  for  a  particular  vibrational  coordinate  on  the 
ground  electronic  surface.  We  assume  parabolic  well  depths  of 
0.01  eV  and  0.02  eV  for  the  vibrational  levels  v  and  v  +  1,  and  a 
dipole  moment  of  0.2  f).  These  values  are  consistent  with  [Fill']1 
in  the  F+IIF  reaction.  Transition  probabilities  P(v.r  - f-  1)  are 
calculated  as  a  function  of  III  laser  power  density  I  (fa  x  /*/*). 
ami  trajectory  time  through  this  region  (i.e.,  quasibound  lifetime 
r).  We  assume  that  regions  outside  of  the  well  are  vanishingly 
short-lived. 

The  results  in  Fig.  3  indicate  that  significant  values  of 
/’( e.  r  +  1)  occur  over  a  range  of  modest  experimental  condi¬ 
tions.  For  instance,  P(r,v  +  1 )  >  0.25  for  /  =  100  (JW/cni* 
and  t  >  300  fs.  The  oscillations  that  are  observed  along  r  (shown 
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bunched  up  due  to  the  log  scale)  are  analogous  to  Habi  cycling, 
which  lor  resonance  conditions  occurs  at  frequency  fi(0.  For  dy¬ 
namic  trajectories,  the  resonance  condition  is  rapidly  detuned  by 
the  changing  potentials,  however,  phase  accumulation  can  still 
lead  to  off-resonance  oscillations  provided  that  pe„  >  ft.  In  re¬ 
alistic  systems,  the  coherences  will  dampen  rapidly  either  by  (i) 
/_>  mechanisms,  in  which  case  the  oscillation  region  reduces  to 
the  saturation  condition  /’  =  0.5.  or  by  (ii)  very  different  v  and 
r  t  1  quasibound  lifetimes,  in  which  case  the  shorter-lived  state 
will  behave  irreversibly,  making  possible  situations  approaching 
/’  =  1. 

lhe  bandshape  for  the  TS  vibrational  transition  v  —  e  +  1 
is  calculated  for  excitation  over  the  entire  quasibound  lifetime  in 
Fig.  I.  lhe  spectrum  reveals  a  distinct  lineshape  that  does  not 
change  form  as  a  function  of  laser  held.  The  spectra  are  therefore 
interpretable  in  terms  of  the  shape  and  dynamics  of  the  transient 
vibrational  potential:  power  broadening,  at  the  high  fields  shown, 
does  not  contribute  to  the  lineshape. 

Fig.  -1  represents  the  experiment  in  which  the  the  IR  pulse 
duration  is  long  compared  to  the  reaction  time  so  that  all  TS 
configurations  evolve  in  an  intense,  but  effectively  CYV  laser  field. 
An  exceptionally  more  powerful  (and  more  challenging)  adapta¬ 
tion  can  be  conceived  based  on  the  use  of  ultrashort  pulses  fe.g., 
<  200  fs)  that  are  narrower  than  the  quasibound  lifetimes.  The 
pulse  can  then  be  positioned  at  discrete  intermediate  time  in¬ 
tervals  along  the  reactive  trajectory  and  in  principle  probe  for 
different  TS  configurations.  The  recorded  vibrational  spectra  will 
vary  depending  on  where  along  the  reactive  PES  the  excitation 
takes  place.  This  concept  is  similar  to  the  2-pulse  sequence  in¬ 
troduced  by  Zewail  and  coworkers9"11  for  electronic  transitions 
in  product  absorption  wings.  The  calculated  time-dependent  vi¬ 
brational  spectrum  in  Fig.  5  demonstrates  the  considerable  detail 
and  unique  information  that  can  be  obtained  regarding  the  dy¬ 
namics  and  shape  of  the  potential  surfaces.  The  two-dimensional 
(_■./)  vibrational  spectrum  in  Fig.  5  represents  the  direct  change 
in  vibrational  frequency  that  occurs  during  a  reactive  trajectory. 

Vibrational  Correlation 

I  lie  transition-state  vibrational  absorption  technique  de¬ 
scribed  here  is.  in  a  sense,  a  state-to-state  measurement,  with  the 
important  difference  that  we  consider  state  excitation  of  the  TS. 

I  he  correlation  of  TS  vibrational  excitation  to  measurable  rovi- 
brational  excitation  in  the  products  is  a  "half  collision”  process 
that  is  physically  not  unlike  that  which  occurs  in  unimolecular 
dissociations.  Fsing  this  as  an  analogy,  we  can  put  forth  a  frame¬ 
work  for  the  state-to-state  half-collision  reaction  probabilities  for 
vibrationally-excited  TS  reactions  [ABC(  v' )j*  —  AB(e)+C.  In  or¬ 
der  to  present  expressions  that  convey  physical  insight,  we  sim¬ 
plify  the  problem  by  invoking  the  collinear  and  quasi-diatomic  ap¬ 
proximations.  The  former  assumption  is  realistic  in  so  far  as  the 
minimum  reactive  PES  is  usually  along  the  collinear  coordinate 
in  the  complete  reactive  hypersurface.  The  latter  approximation 
assumes  that  the  bond  that  breaks  is  a  normal  vibrational  coor¬ 
dinate.  The  state-to-state  reaction  probability  is  then  given 
by  the  integral  overlap  of  the  initial  and  final  wavefunctions 

Tv-,..  =  jj  dRdr  Xv'(R.r)\v(R,r)  (9) 

where  we  have  defined  the  coordinates  R  and  r  as  the  internuclear 
distances  A-B  and  B-C,  respectively.  The  wavefunctions  \  de¬ 
scribe  vibrational  and  translational  motion  and  can  be  rigorously 
solved  by  Schrodinger’s  equations  using  a  Hamiltonian  contain- 


Fig.  4.  Calculated  transition  slate  vibrational  lineshapes.  Con¬ 
tinuous  excitation  over  a  trajectory  liftime  of  250  fs.  Peak  tran¬ 
sition  probability  was  P  =  0.89  Other  conditions  were  I  =  100 
GW/cm2  and  those  in  the  caption  to  Fig.  3. 


Fig.  5.  Calculated  transition  state  vibrational  lineshapes.  Dis¬ 
crete  excitation  over  200  fs  intervals  as  a  function  of  time  dur¬ 
ing  a  reactive  trajectory  of  lifetime  2  ps.  Peak  probability  was 
P  =  0.10.  Other  conditions  were  I  =  100  GW/cm2  and  those 
in  the  caption  to  Fig.  3. 
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ing  the  relative  nuclear  kinetic  energy  operators  evaluated  at  the 
critical  TS  coordinate.  The  Hamiltonian  may  also  be  modified  by 
including  a  dressed  photon  field  in  the  manner  described  above, 
file  product  wavefunctions  are  expanded  in  terms  of  a  basis  of 
vibrational  functions  0 ,.j(/?.r)  with  an  r-dependent  equilibrium 
position  Kj. 

V, («•>')  =  Y.°i-AR-r'lQAr'>  UO) 

J 

Hie  coefficients  ftj(r)  are  related  to  the  relative  product  trans¬ 
lational  energy.  Inserting  Kq.  (10)  into  Eq.  (0)  gives  the  final 
result 

lr',  =  (11) 

J 

where 


i'j.v  =  JJ  (IRilr  \,4R,r)ov.j(R,r)  (12a) 

S,,...,  =  Jflr  \v‘(R.r)aj(r)  (12b) 

The  half-collision  state-to-state  reaction  probability  given  by 
F'.qs.  (11)  and  ( 12)  reveals  two  possible  mechanisms  for  final-state 
distributions;  the  V  terms  [Eq.  (12a)]  describe  the  Franck- 
Condon  contributions,  while  the  Sv>.j  terms  [Eq.  (12b)]  represent 
the  half-collision  analog  of  the  S  matrix  in  scattering  theory.  The 
■S't'.j  matrix  elements  describe  the  so-called  final-state  interac¬ 
tions.  which  considers  product  vibrational  excitation  due  to  the 
dynamics  of  the  repulsive  surface  in  the  exit  channel.  Although, 
final-state  interactions  play  an  important  role,  experimental2,19 
and  theoretical20,21  evidence  indicates  that  the  product  state  dis¬ 
tributions  are  most  strongly  affected  by  the  multi-dimensional 
Franck-Condon  factors.  These  results  support  the  strong  role  that 
vibrational  correlation  can  play  in  the  interpretation  of  product 
rovibrational  excitation  in  terms  of  the  actual  vibrational  coordi¬ 
nates,  amplitudes  of  motion,  and  angular  momenta  corresponding 
to  a  particular  TS  resonance. 
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Abstract 

The  determination  of  optical  absorption  of  mirrors  and  other  low  absorbing 
materials  used  in  laser  optics  requires  an  highly  sensitive  method.  Among  the 
photothermal  techniques  used  for  spectroscopic  investigation,  the  photothermal 
deflection  (mirage)  seems  to  be  the  most  convenient  one  for  such  a 
characterization.  We  first  recall  the  principle  and  the  main  detection  schemes 
of  mirage  spectroscopy.  We  then  describe  the  two  experimental  set  up  we  have 
developed  to  perform  reliable  low  absorption  measurements  in  coatings  and 
bulky  materials  at  two  different  laser  wavelengths  (633  nm  and  1.06  pm).  The 
high  signal  to  noise  ratio  achieved  allows  for  instance  the  detection  of 
absorption  losses  as  low  as  10~6  in  dielectric  coatings  deposited  on  silica 
with  a  30  mW  incident  power. 


1  “  INTRODUCTION 

During  the  last  decade  photothermal 
methods  have  been  applied  to  a  large  number 
of  physical  problems  and  materials 
characterization,  such  as  :  spectroscopic 
investigation,  thermal  parameters  determi¬ 
nation  and  also  non  destructive  evaluation 
[1]  . 

We  would  like  to  present  here  the 
results  we  have  recently  obtained  in  laser 
materials  inspection  especially  for  the 
determination  of  absorption  losses  in  these 
materials  . 

Let  us  recall  the  principle  and  the 
sensitivity  of  a  classical  optical  method 
for  determining  the  absorption  of  low 
absorbing  samples  :  the  absorption  value  is 
deduced  from  the  comparison  of  three 
measurements  :  measurement  of  the  incident, 
transmitted  and  reflected  powers.  Thus,  the 
accuracy  becomes  very  low  for  absorption  of 
the  order  or  smaller  than  10" 3  time  the 
incident  power  and  can  be  strongly  affected 
by  diffusion  losses.  In  the  case  of  laser 
mirrors,  the  techniques  based  on  cavity 
decay  time  measurements  [2,  3]  are  highly 
sensitive.  However  these  measurements 
integrate  all  the  optical  losses  (absorp¬ 
tion  +  diffusion  +  transmission)  and  the 
absorption  component  cannot  be  separately 
reached . 

In  a  photothermal  experiment,  a  part  of 
the  whole  absorbed  power  being  converted 
into  heat,  the  resulting  temperature 
variations,  which  are  proportional  to  the 
absorbed  power,  are  detected.  Thus  the 
photothermal  signal  is  directly  created  by 
the  power  absorbed  in  the  sample  and  the 
sensitivity  of  the  method  only  depends  on 
the  incident  power  value  and  the  noise  of 


the  detection.  The  diffusion  process  does 
not  affect  this  kind  of  measurement. 

For  absorption  losses  measurement  of 
laser  materials,  we  have  used  the  mirage 
detection  [4]  which  has  been  proved  to  be  a 
very  sensitive,  non  contact,  photothermal 
technique  for  the  low  absorbing  materials 
spectroscopy  [5] .  The  aim  of  this  work  was 
first  to  study  multilayered  coatings 
deposited  on  silica  such  as  mirrors  and 
antiref lective  coatings  ;  these  coatings 
being  made  of  stacks  of  low  and  high 
refractive  index  dielectric  layers.  We  have 
also  checked  bulky  materials  used  in  laser 
optics  such  as  silica  and  non  linear  optics 
materials . 

2  -  PHOTOTHERMAL  SPECTROSCOPY  BY  MIRAGE 
DETECTION 

Both  modulated  and  pulsed  excitations 
have  been  used  in  this  work.  We  first 
consider  the  case  in  which  the  absorbing 
sample  is  illuminated  by  a  modulated  light 
source . 

2.1.  Thermal  waves  detection . 

In  order  to  understand  the  photothermal 
detection  in  the  frequency  domain,  we  have 
to  introduce  the  concept  of  thermal  wave. 
For  a  space  region  periodically  heated 
(frequency  f)  by  a  planar  source,  the 
temperature  variations  behave  like  a  damped 
wave  (Fig.  1)  : 

T (x , t )  =  To  exp(-x/u)  cos(2nft  -  x/p)  (1) 

Both  the  exponential  damping  and  the 
propagation  of  this  wave  are  monitored  by  a 
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2.2.  Experimental  schemes. 


Fig^ _ __1  -  Thermal  wave  :  spatial 

distribution  of  the  periodic  temperature  at 
two  different  times,  for  a  planar  heat 
source  To  cos2nft  located  at  x  =  0. 

characteristic  length  p  called  the  thermal 
diffusion  length  and  defined  by  : 

U  =  (D/nf)1'*  (2) 

D  is  the  thermal  diffusivity  of  the 
medium  where  the  wave  propagates.  The 
thermal  diffusion  length  roughly  corres- 
onds  to  the  thickness  of  the  layer  which  is 
periodically  heated. 

Some  examples  of  p  values  are  given  in 
the  table  1  for  three  media  :  gas,  liquid 
and  solid  at  two  frequencies. 


f  =  10  Hz 

f  =  100  Hz 

Air 

0.8  mm 

0.25  mm 

CC1« 

0.06 

0.02 

SiOj 

0.16 

0.05 

Table  1.  Values  of  the  thermal 

diffusion  lengths  in  various  media,  at  two 

frequencies . 

Among  the  various  ways  to  detect  the 
sample  heating  the  mirage  detection  probes 
the  thermal  gradient  associated  to  the 
thermal  wave  [4] .  A  laser  beam  (probe  beam) 
which  propagates  through  this  gradient  is 
deflected  because  the  thermal  gradient 
induces  a  refractive  index  gradient.  The 
beam  deflection  is  then  measured  by  a 
position  sensor  and  a  lock  in  amplifier. 
The  sensitivity  of  mirage  detection  is 
usually  limited  by  the  noise  of  the  optical 
bench  which  is  used  to  perform  this 
measurement.  In  our  laboratory  we  have 
built  a  mirage  cell,  described  in  ref.  [6], 
which  leads  to  the  ultimate  sensitivity 
which  can  be  expected  for  such  a  detection. 
The  noise  corresponds  to  the  shot  noise  of 
the  position  sensor  illuminated  by  the 
probe  beam. 


For  spectroscopic  characterizations 
using  mirage  detection,  two  experimental 
schemes  can  be  considered  [7]  (Fig.  2). 

2. 2. a.  Transverse  detection. 

In  the  first  one  (Fig.  2a)  called 
transverse  detection,  the  beam  propagates 
in  front  of  the  heated  sample  surface  and 
probes  the  gradient  in  the  fluid  adjacent 
to  the  absorbing  sample.  This  scheme  is 
usually  used  when  the  light  source  is  a 
classical  incoherent  one,  such  as  a 

monochromator  or  a  Fourier  transform 

spectrometer,  or  when  the  sample  is  opaque 
for  the  probe  beam  or  has  a  bad  optical 
quality.  For  one  dimensional  heat 

diffusion,  the  beam  deflection  e  is  given 
by  : 

L  Bn  'ST 

e  =  - -  (3) 

n  BT  dx 

where  L  is  the  interaction  length  between 
the  probe  beam  and  the  thermal  gradient. 

From  the  Bn/  BT  values  reported  in 
table  2,  we  notice  that  for  transverse 
detection  the  use  of  a  liquid,  e.g.  CC1<  , 
rather  than  air  as  deflecting  medium  leads 
to  a  large  enhancement  of  the  sensitivity. 


Fig . _ 2  -  Experimental  schemes  of 

photothermal  deflection  spectroscopy  : 

a)  transverse  detection, 

b)  collinear  detection. 
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■Jn/dT  (K-  1  ) 

Air 

-io-» 

CC1< 

-5  10-" 

SiOj 

10*  » 

Table  2.  Temperature  coefficient  of  index 
of  refraction  for  various  media. 

A  very  important  application  of  this 
scheme  is  the  amorphous  semiconductor  films 
spectroscopy  [8,  9].  As  an  example.  Fig.  3 
shows  the  photothermal  spectrum  of  a  500  A 
thick  film  of  amorphous  silicon  deposited 
on  silica.  This  data  well  illustrates  both 
the  sensitivity,  better  than  an  absorbance 
of  10- a  ,  and  the  large  dynamic  of  the 
photothermal  deflection  spectroscopy. 

A  large  number  of  laboratories  working 
in  the  field  of  semiconductor  thin  films 
are  now  using  transverse  mirage  detection 
for  subbandgap  absorption  measurements. 


ABSORBANCE 

.1 


a_Si  film 
(500  A) 


_10_ 


JO" 


■  0.6 


. 

1.6 


2.6 


hv(eV) 


Fig_. _ 3  -  Photothermal  spectrum  of  a  500  A 

thick  amorphous  silicon  film  deposited  on 
silica.  The  exciting  source  is  a  Fourier 
transform  spectrometer  and  the  film  is 
immersed  in  CC1<  . 


2.2.b.  Collinear  detection. 


The  figure  2b  shows  the  collinear 
detection  in  which  the  probe  beam 
propagates  through  the  sample  and  probes 
the  thermal  gradient  in  the  sample  itself. 
This  scheme  leads  to  a  better  sensitivity 
than  the  previous  one  when  the  pump  beam 
can  be  strongly  focused,  e.g.  laser  beam  in 


the  TMo  o  mode.  The  gradient  is  created  both 
by  the  gaussian  spatial  profile  of  the 
excitation  and  by  the  radial  heat  diffusion 
from  this  heated  region. 

We  have  used  such  a  collinear  scheme  for 
laser  materials  characterization.  This 
detection  is  suitable  for  experiments 
carried  out  with  modulated  as  well  as 
pulsed  excitations.  For  the  simple  case  of 
a  bulky  low  absorbing  sample  and  the  two 
kinds  of  excitations,  the  theoretical 
expressions  of  the  beam  deflection  have 
been  previously  given  [5,  10]  : 

-  With  a  modulated  source,  at  high 
frequency,  when  the  thermal  diffusion 
length  of  the  probed  medium  is  much  smaller 
than  the  gaussian  pump  beam  radius,  the 
deflection  amplitude  0  is  given  by  [5]  : 

x, 

-4  —  exp (~2x»  1  /a*  )  (4) 
a* 

where  L  is  the  sample  thickness,  Po  is 
the  incident  laser  power,  a  is  the  optical 
absorption  coefficient,  P  C  the  heat 
capacity  per  unit  volume,  a  is  the  pump 
beam  radius  at  1/e2  intensity,  x»  is  the 
separation  between  the  intensity  maxima  of 
the  pump  and  probe  beams  which  are  assumed 
to  be  parallel. 

0  exhibits  a  maximum  for  Xo  =  a/2  which 
is  the  position  of  the  maximum  gradient  of 
the  pump  beam  profile.  Indeed,  at  high 
frequency  the  radial  temperature  amplitude 
distribution  is  well  described  by  the  pump 
beam  intensity  one. 

-With  a  pulsed  source,  the  energy 
deposited  in  the  sample  during  the  pulse 
creates  a  gaussian  temperature  distribution 
which  spreads  when  the  heat  diffusion 
occurs.  The  time  dependence  of  the 
deflection  is  given  by  [10]  : 

L  In  4aEo  2x„ 

e  (t)  = - - - 

n  3T  n/C  (a*+8Dt)> 

where  Eo  is  the  pulse  energy. 

Figure  4  shows  the  signal  behavior  as  a 
function  of  the  time,  calculated  from  this 
equation,  for  two  probe  beam-pump  beam 
distances.  If  the  probe  beam  is  located  at 
the  maximum  slope  of  the  pump  beam  profile, 
the  curve  a  is  obtained.  From  the  pulse, 
the  thermal  gradient  continuously  decreases 
while  the  heat  diffuses.  When  the  probe 
beam  is  removed  (curve  b)  a  maximum  appears 
in  the  time  dependence.  The  amplitude  of 
this  maximum  decreases  when  the  distance  Xo 
is  increased. 

If  the  sample  is  an  absorbing  coating 
deposited  on  substrate,  Eq.  (4)  and  (5)  are 
more  complicated,  but  the  behaviors  of  the 
deflection  signals  are  governed  by  the  same 
parameters  (the  absorbed  power  (or  energy) 
must  be  put  in  place  of  aPo  (or  aE« ) )  and 
exhibit  qualitatively  the  same  features. 


-2x.  *  /  (a*  +  8Dt)  (5) 


L  "Sn  aP» 

0  =  -  —  - 

n  3T  n3  f  f°Ca* 
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Fig .  4  -  Theoretical  time  dependence  of  the 
collinear  detection  signal  in  a  low 
absorbing  thick  sample  with  a  pulsed 
excitation  at  t  =  0  and  for  two  pump-probe 
beams  distances  : 

a )  Xo  =  a  /  2  ;  b }  Xo  =  a . 


3  -  EXPERIMENTAL  SET  UP  AND  RESULTS 

We  had  to  determine  absorption  losses  in 
laser  materials  at  the  working  wavelength 
for  two  kinds  of  lasers  :  laser-gyro  which 
uses  a  He-Ne  laser  (633  nm)  and  Nd3 * YAG 
laser  (1.06  pm) . 

3.1.  Laser-gyro  mirrors  characterization. 

The  aim  of  the  first  study  was  to  build 
a  set  up  which  enables  us  to  measure 
optical  absorption  losses  in  laser-gyro 
mirrors  smaller  than  ten  part  per  million. 
Since  such  losses  strongly  affect  the 
performances  of  laser-gyro,  it  was  of  great 
interest  for  SFENA  Company,  which  builds 
this  device,  to  get  close  to  a  production 
line  a  fast,  sensitive  and  accurate  way  of 
characterizing  the  absorption  losses. 

The  collinear  detection  set  up  is  shown 
in  Fig.  5.  The  main  component  part  is  the 
previously  mentioned  low  noise  compact 
mirage  cell  [6] .  Since  the  multidielectric 
mirrors  under  test  are  highly  reflective  at 
He-Ne  laser  wavelength,  a  laser  diode 
(780  nm)  for  which  reflection  level  is 
rather  small  is  used  as  probe  laser.  The 
pump  beam  comes  from  a  30  mW  He-Ne  laser 


Fig.  5  -  Experimental  set  up  for  absorption 
measurements  of  laser-gyro  mirrors  : 
1)  He-Ne  pump  laser,  2)  chopper,  3)  lens, 
4)  compact  mirage  cell,  5)  lock-in  ampli¬ 
fier,  6)  focused  He-Ne  pump  beam,  7)  laser 
diode  probe  beam. 


and  is  modulated  by  a  chopper  at  200  Hz. 
The  lens  which  focusses  the  pump  beam  can 
be  moved  with  an  accuracy  better  than  1  pm 
in  order  to  reach  the  maximum  signal 
amplitude.  This  amplitude  being  proportio¬ 
nal  to  the  absorbed  power  constitutes  the 
measured  quantity  for  a  given  coating. 

At  200  Hz,  the  thermal  diffusion  length 
p  is  much  larger  than  the  coating 
thickness.  A  substrate  thickness  of  the 
order  of  p  is  then  periodically  heated  and 
the  radial  temperature  gradient  is  mainly 
probed  within  the  transparent  SiC>2 
substrate.  Thus  the  signal  depends  on  the 
thermo-optical  properties  (an/3T,  D,  PC)  of 
the  subslrate  alone. 

The  measured  quantity  i3  proportional  to 
the  absorbed  power  in  the  coating  but  also 
depends  on  a  lot  of  thermal,  optical  and 
geometrical  parameters  for  which  an 
accurate  determination  is  critical.  The 
simplest  way  to  deduce  the  absolute  value 
of  the  absorption  from  the  measurement  is 
then  to  calibrate  the  set  up.  For  such  a 
calibration,  the  photothermal  signal  given 
by  a  strongly  absorbing  coating  deposited 
on  the  same  substrate  is  measured.  On  the 
other  hand,  this  coating  absorption  can  be 
easily  determine  by  a  classical  reflection 
transmission  measurement.  For  instance,  the 
coating  used  in  this  work  absorbs  ten 
percent  of  the  incident  power. 

Finally,  the  sensitivity  reached  by 
using  this  set  up  corresponds  to  absorption 
level  as  low  as  one  part  per  million  and 
the  measurements  are  reproducible  within  a 
few  percents.  Let  us  point  out  that  the  set 
up  is  now  setting  in  an  industrial 
environment  where  the  same  satisfactory 
performances  are  obtained. 

3.2.  Nd3 *  YAG  laser  materials  characteri¬ 
zation  . 

The  second  part  of  this  work  was  done  in 
the  framework  of  the  EUREKA  project  and  was 
devoted  to  the  absorption  losses  determi¬ 
nation  of  new  YAG  laser  materials  : 
mirrors,  antiref lective  coatings  and 
"transparent"  materials  used  in  laser 
optics.  Such  measurements  are  made 
necessary  because  these  various  components 
belong  to  the  part  of  the  future 
multikilowatt  YAG  laser  and  that  a  high 
level  of  absorption  losses  may  induce 
severe  irreversible  damages. 

For  this  characterization,  we  have  used 
a  set  up  design  similar  to  the  previous  one 
(Fig.  5).  However  in  this  case  the  pump 
beam  comes  from  a  pulsed  YAG  laser.  This 
laser  usually  gives  a  few_  nanosecond 
pulses.  In  order  to  avoid  optical  damages 
of  the  samples  due  to  high  peak  power,  the 
Q-switch  in  the  cavity  has  been  suppressed. 
Thus  the  laser  works  in  the  relaxed  mode 
with  a  pulse  duration  of  about  100  ps.  The 
pulse  energy  is  30  mJ  and  the  pump  beam 
radius  60  pm.  The  signal  of  the  position 
sensor  is  amplified  by  a  broad  band 
amplifier  and  stored  by  a  digital 
oscilloscope.  Then,  the  signal  is  averaged 
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Fig .  6  -  Photothermal  signal  vs  time,  after 
100  scans,  for  a  mirror  of  20  ppm 
absorption  level. 

for  a  number  of  pulses  in  order  to  get  a 
suitable  signal  to  noise  ratio. 

Figure  6  shows  the  signal  as  a  function 
of  the  time,  after  100  scans,  for  a  mirror 
which  absorbs  20  ppm  of  the  incident 
energy.  The  maximum  amplitude  is  reached 
after  100  ps  which  is  about  the  pulse 
duration.  During  the  pulse  the  heat 
diffuses  in  the  media  over  a  distance  of 
about  10  pm.  Since  the  coating  thicknesses 
are  of  the  order  of  or  smaller  than  1  pm, 
the  main  component  of  the  deflection  signal 
comes  from  the  substrate.  The  measured 
quantity  for  a  given  coating  is  the  maximum 
signal  amplitude  and  as  previously  the  set 
up  is  calibrated  by  measuring  a  strongly 
absorbing  sample.  For  a  coating  deposited 
on  silica,  the  lowest  absorption  level 
which  can  be  detected  by  the  set  up  is  of 
the  order  of  10- 7  . 

We  have  checked  a  lot  of  coatings  : 
monolayers,  mirrors  and  antiref lective 
coatings  made  of  various  materials.  Some 
typical  results  are  reported  in  table  3. 


Coating 

Material 

Absorption 

(ppm) 

MgF2 

4.7 

ZrOa 

6.6 

Mono- 

Ce02 

340 

layers 

Y2  O3 

9.5 

AI2O3 

22 

Ta2  Oa 

5 

Si02 

1 

Ti02 /Si02 

19 

Ti02 /SiOs 

120 

Mirrors 

ZrOa /Si02 

10.3 

Taa  Oa /Si02 

14.3 

Ta2  Oa /Si02 

7.5 

Antire- 

f lective 

Taa  Oa /Si02 

8 

coating 

Table  3  -  Composition  and  absorption  values 
for  various  kinds  of  coatings  deposited  on 
silica. 


At  last,  let  us  point  out  that  with  this 
set  up  we  have  been  able  to  measure  the 
absorption  coefficient  of  several  millime¬ 
ters  thick  samples  of  silica  and  of  non 
linear  optics  materials.  In  this  case,  pump 
and  probe  beams  intersect  in  the  bulk  of 
the  sample  and  calibration  is  performed  by 
using  water  which  gives  a  very  strong 
signal  at  1.06  pm.  The  signal  equivalent  to 
noise  corresponds  to  an  absorption 
coefficient  of  a  few  10'*  cm'1  for  a  sample 
which  has  the  thermal  properties  of  silica. 

4  -  CONCLUSION 

The  reported  results  shows  that 
collinear  mirage  detection  is  a  very 
sensitive  and  quantitative  method  to 
determine  very  low  absorption  losses  in 
coatings  and  also  in  bulky  materials.  The 
two  described  set  up  enables  us  to  measure, 
for  a  coating  deposited  on  silica, 
absorption  level  as  low  as  10'*  by  using  a 
30  mW  modulated  laser  as  pump  beam  and 
10' T  with  a  30  mJ  pulsed  laser. 
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Abstract 

A  unified  description  of  the  photothermal  phase-shift,  deflection,  and  lensing  spectro¬ 
scopies  is  given.  Both  cw  and  pulsed  cases  are  considered. 


12  3 

There  is  presently  an  extensive  interest  '  '  in  the  techniques  of  photothermal  spec¬ 
troscopies,  as  many  applications  of  these  techniques  have  recently  been  found.  Photothermal 
spectroscopies  consist  of  three  separate  but  related  techniques:  photothermal  phase-shift 
spectroscopy,  photothermal  deflection  spectroscopy,  and  photothermal  lensing  spectroscopy. 

The  basic  idea  underlying  these  techniques  is  simple:  A  laser  beam  (pump  beam)  passes 
through  the  medium  of  interest.  The  laser  is  tuned  to  an  absorption  line  of  the  medium, 
and  the  optical  energy  is  absorbed  by  the  medium.  If  the  collisional  quenching  rate  in  the 
medium  is  much  higher  than  the  radiative  rate,  most  of  this  energy  appears  in  the  rota¬ 
tional-translational  modes  (heating)  of  the  molecules.  The  heating  of  the  medium  modifies 
the  refractive  index  of  the  laser  irradiated  region.  The  change  in  the  refractive  index 
of  the  medium  is  detected  by  a  second  (generally  a  HeNe)  laser  beam  (probe  beam) .  Three 
distinct  methods  of  monitoring  the  refractive  index  change  of  the  pump-beam- irradiated 
region  are  considered.  In  photothermal  phase-shift  spectroscopy  (PTPS) ,  the  refractive 
index  change  is  measured  directly  by  placing  the  sample  inside  a  Fabry-Perot  cavity  or  in 
one  arm  of  a  Michels on  interferometer.  The  refractive  index  change  produces  a  change  in 
the  optical  pathlength  which  is  detected  as  a  fringe-shift.  The  probe  beam  produces  the 
interference  fringes  while  the  pump  beam  causes  the  refractive  index  change.  In  photo¬ 
thermal  deflection  spectroscopy  (PTDS) ,  a  deflection  of  the  probe  beam  is  observed.  The 
pump  beam  has  a  spatial  profile  (generally  assumed  to  be  a  Gaussian),  therefore,  the  re¬ 
fractive  index  of  the  pump_beam_irradiated  region  also  acquires  a  similar  spatial  profile. 
This  non-uniform  refractive  index  causes  a  deflection  of  the  probe  beam,  which  can  easily 
be  detected  by  a  position-sensitive  optical  detector.  The  signal  is  proportional  to  the 
gradient  of  the  refractive  index.  The  non-uniform  refractive  index  also  produces  a  lensing 
effect  in  the  medium.  A  probe  beam  passing  through  the  medium  changes  shape,  resulting  in 
a  change  in  the  intensity  of  the  probe  beam  passing  through  a  pin-hole.  In  this  technique, 
the  signal  is  proportional  to  the  second  derivative  of  the  refractive  index.  This  tech¬ 
nique  is  called  the  photothermal  lensing  spectroscopy  (PTLS) .  Historically,  the  three 
photothermal  techniques  have  been  discovered  and  developed  separately.  PTPS  was  discovered 
by  Stone'*  and  by  Davis^,  and  has  found  applications  primarily  an  analytical  chemistry. 

PTDS  was  discovered  by  Amer,  Boccara,  Fournier  and  collaborators  6, 7, 8, 9  antj  has  j-,een 
found  to  be  a  very  useful  diagnostic  tool.  PTLS  is  the  oldest^-®' ^  and  has  found  appli¬ 
cations,  among  other  things,  in  analytical  chemistry  and  in  the  measurement  of  collisional 
relaxation  rates  of  molecules*-**. 

We  have  recently  developed  a  rigorous  theoretical  model  of  this  subject*--*”*-7  .  a  unified 
treatment  of  all  three  detection  schemes  (PTPS,  PTDS,  PTLS)  is  given.  No  approximations 
are  made,  except  that  the  medium  is  weakly  absorbing.  The  theory  is  valid  under  the  most 
general  conditions,  i.e.,  for  both  stationary  and  flowing  media,  and  both  pulsed  (any  pulse 
length)  and  cw  (modulated  as  well  as  unmodulated)  excitation.  The  theory  predicts  many 
interesting  effects.  In  this  paper  we  give  a  brief  outline  of  the  theory  and  describe 
some  of  the  important  results. 

Central  to  the  photothermal  techniques  is  the  creation  of  a  temperature  distribution 
by  the  absorption  of  the  pump  beam,  and  its  subsequent  evolution  due  to  thermal  diffusion 
and  forced  convection  (flow).  This  temperature  distribution  is  given  by  the  solution  of 
the  differential  equation*-7 
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where  T(r,t)  is  the  temperature  above  the  ambient,  v  is  the  flow  velocity  of  the  medium 
which  is  assumed  to  be  in  the  x-direction,  D  is  the  dif fusivity ,  p  is  the  density,  and  C 
is  the  specific  heat  at  constant  pressure  of  the  medium.  The  first,  second,  and  the  p 
third  terms  on  the  right  in  Eq.  (l)  represent,  respectively,  the  effects  of  the  thermal 
diffusion,  flow,  and  the  heating  due  to  the  pump  beam  absorption. 


We  assume  that  the  pump  beam  propagates  through  the  medium  in  the  z-direction  and  it  is 
centered  at  the  origin  of  the  coordinate  system.  We  further  assume  that  the  medium  is 
weakly  absorbing.  If  the  pump  laser  is  a  pulsed  one,  the  heat  produced  per  unit  volume  per 
unit  time  by  the  absorption  of  laser  energy  is  given  by 


Q(x,y,t)  =  al(x,y,t) 

{2aE0  e.axU-  y2}  /a2 

Jta2to 

° 


for  0$t$to 
for  [>0  , 


(2) 


where  i  is  the  absorption  coefficient  of  the  medium  and  l(x,y,t)  is  the  intensity  of  the 
laser  beam.  Implicit  in  Eq.  (2)  is  the  assumption  that  all  of  the  absorbed  laser  energy 
is  converted  to  heat  and  only  a  negligible  portion  is  radiated  as  fluorescence.  It  is  fur¬ 
ther  assumed  that  this  conversion  of  optical  energy  into  heat  takes  place  in  a  time  scale 
much  shorter  than  the  typical  thermal  diffusion  time  in  that  medium.  The  total  energy  in 
each  laser  pulse  is  assumed  to  be  EQ.  The  spatial  profile  is  assumed  to  be  a  Gaussian  with 
]/e  -radius  a.  It  is  further  assumed  that  the  laser  pulse  turns  on  sharply  at  t=0  and 
turns  off  sharply  at  t=tQ.  The  assumption  of  a  rectangular  temporal  profile  is  a  good  one, 
if  the  rise  and  fall  times  of  the  laser  pulse  are  very  short  compared  to  the  thermal  diffu¬ 
sion  and  convection  times.  Solution  of  Eq.  (1),  with  the  source-term  0  qiven  by  Eq.(2)  is 
found  '  '  to  be 


T(x,y,t) 


2aEp 

jctopCp 


1 

[a2  +  8D(t-i)] 


x  exp[  -2{[x-vx(t-x)]2  +  y2)  /  (a2  +  8D(t-x))l  dx 


for  t>to 


(3) 


For  a  short  laser  pulse  (to<10ps),  Eq.(3)  can  be  written  in  a  closed  form*2.  However,  for 
longer  pulses  Eq.  (3)  must  be  integrated  numerically.  This  integration  may  be  conveniently 
performed  using  one  of  the  commonly  available  subroutines  in  IMSL  (International  Mathematics 
and  Statistics  Library).  Equation  (3)  predicts  that  the  heat  pulse  has  a  nearly-Gaussian 
spatial  profile,  it  moves  downstream  with  the  medium,  and  as  it  does  so,  it  broadens  due  to 
thermal  diffusion22. 

In  many  situations  it  is  more  desirable  to  use  a  cw  laser  source  for  the  pump  beam. 
Photothermal  signals  can  be  measured  conveniently  if  the  cw  laser  is  amplitude  modulated  at 
some  frequency  w,  because  then  a  phase-sensitive  detection  can  be  used.  In  this  case,  the 
source  term  may  be  written  as 

Q(x,y,t)  =  [g-2(x2+y2)/a2  ]  (1  +  COS  COt  ), 

7ta2 


where  Pav  is  the  average  power  of  the  pump  beam  in  the  presence  of  the  modulation.  The 
spatial  profile  is  again  assumed  to  be  Gaussian  with  l/e2-radius  a,  and  the  degree  of  mod¬ 
ulation  is  assumed  to  100%.  Solution  of  Eq.  (l),  with  the  source  term  given  by  Eq.  (4),  is 
found24<17  to  be 


T(x,y,t) 


2aPav  (  (1  +  cos  on) 
rcpCp  J0  [a2  +  8D(t-x)] 


x  exp(  -2{ [x-  vx  (t  -  x)j2  +  y2  )  /  {  a2  +  8D  (t-x) J  J  dx. 


(5) 


The  integration  over 


may  be  performed  using  the 


64-point  Gaussian 


quadrature 
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Fig.  3:  Computed  values  of  the  RMS  PTPS 
signal  for  cw  excitation  and  for  flow 
velocities  as  labeled. 


Fig.  1 :  Schematic  illustration  of 
photothermal  phase  shift 
spectroscopy  (PTPS)  experiment. 


TIME  (ms) 


COLLINEAR  PTPS 


Fig.  2:  Computed  PTPS  signals  with  pulsed  excitation  for  a  (a)  stationary 
medium,  and  (b)  for  a  medium  flowing  with  a  velocity  of  2  m/s. 


A  typical  experimental  arrangement  for  PTPS  is  shown  in  Fig.l.  The  sample  cell  is  placed 
in  one  arm  of  a  Michelson  interferometer.  A  change  in  the  refractive  index  of  the  medium, 
caused  by  the  absorption  of  the  pump  beam,  is  detected  as  an  intensity  change  at  the  detec¬ 
tor.  M4  and  M5  are  dielectric  mirrors  which  totally  transmit  the  probe  beam  and  totally 
reflect  the  pump  beam.  Broken  lines  show  transverse  PTPS  while  the  solid  lines  show  the 
collinear  PTPS.  The  intensity  change  at  the  detector  is  given  byl9»17 


8V(x,y,t)  =  V  cosI(0A  -  0B)  -  y(x,y,t)] 


(6) 


where  V  is  a  constant  that  depends  on  the  intensity  of  the  probe  beam  and  y(x,y,t)  is  the 
phase  difference  introduced  by  the  pump  beam.  ($  -0„)  is  the  phase  difference  between  the 
two  interfering  waves  in  the  absence  of  the  pump  Beam,  and  it  determines  the  "operating 
point"  on  the  intensity  curve  (Fig.  1(b)).  If  (Oa'^B^  m!T'  the  operating  point  is  either 
p  or  p1 ,  and  the  intensity  is  quite  insensitive  to  small  changes  in  y  On  the  other  hand, 
if  ( =  (m+1/2)  tt,  the  operating  point  is  either  Q  or  Q’,  and  the  intensity  is  quite 
sensitive  to  small  changes  in  y.  The  phase  difference  y(x,y,t)  is  given  by 

y  (x,y,t)  =  —  (  An(x,y,t)ds 

^  J  path 

where  the  integration  is  carried  out  over  the  path  of  the  probe  beam.  The  change  in  the 
refractive  index  in(x,y,t)  is  given  by 

An(x.y,t)  =  (n0-  1)T  (8) 

‘A 

where  Ta  is  the  ambient  temperature.  Therefore  the  PTPS  signal  is  given  by  (assuming 
(;A-‘B)  =  (ln+1/2)Tr) 

5V  =  V  sin  infill  f  T(x,y.t)ds]  (9) 

\*  Ta  JP.«h 


where  T(x,y,t)  is  given  either  by  Eq.(3)  or  by  Eq.(5).  For  the  collinear  case  the  pump  and 
the  probe  beams  are  both  in  the  z-direction  (ds=dz) ,  and  for  the  transverse  case  the  pump 
beam  propagates  in  the  z-direction  while  the  probe  beam  propagates  in  the  y-direction 
(ds=dy) .  The  integration  over  ds  in  Eq.  (9)  is  straightforward. 

Figure  2(a)  shows  the  pulsed  PTPS  signals  for  the  collinear  case  calculated  using  Eq.(9) 
for  a  stationary  medium  (vx=0).  Four  curves  are  shown,  for  x=0,a/2,a,  and  2a.  The  signal 
has  the  largest  amplitude  for  x=0,  since  the  change  in  the  refractive  index  is  the  maximum 
at  this  position.  The  intensity  of  light  at  the  detector  suffers  a  transient  change  when 
the  pump  laser  is  fired  and  returns  to  its  original  value  as  the  heat  diffuses  out  of  the 
region.  As  the  distance  between  the  pump  and  the  probe  beams  is  increased,  the  signal 
becomes  smaller  and  broader.  When  the  probe  beam  is  outside  the  pump  beam  (x=2a) ,  the 
heat  arrives  at  the  probe  beam  position  via  thermal  diffusion,  and  therefore  the  peak  signal 
occurs  later  in  time  and  it  is  weak  and  broad.  Signal  shapes  for  a  flowing  medium 
(collinear  case)  are  shown  in  Fig.  2(b) .  The  flow  velocity  of  the  medium  is  assumed  to  be 
vx=2m/s.  A  positive  value  of  x  corresponds  to  the  probe  being  downstream  from  the  pump 
beam.  Signal  shape  is  essentially  the  spatial  profile  of  the  pump  beam  broadened  by 
thermal  diffusion. 


Some  of  the  predictions  of  cw  collinear  PTPS  are  shown  in  Fig.  3.  RMS  values  of  the 


PTPS  signals  have  been  plotted  against  the  distance  between  the  pump  and  the  probe  beams, 
x,  for  a  modulation  frequency  of  10  Hz.  This  distance  has  been  expressed  in  units  of  the 
l/e^-radius  of  the  pump  beam.  The  distance  x  is  taken  to  be  positive  downstream.  Four 
curves  are  shown,  for  vx=0 ,  1  cm/sec,  10  cm/sec,  and  1  m/sec.  As  the  velocity  increases, 
these  curves  become  more  and  more  asymmetric  with  the  signal  extending  far  to  the  right 
side  (downstream) .  Low  and  zero  velocity  curves  show  interesting  undulations.  These  un¬ 


dulations  are  a  direct  consequence  of  the  change  in  temperature  distribution  as  the  pump 
beam  intensity  oscillates^  _ 
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Fig.  4:  Deflection  of  a  probe  beam 

propagating  in  an  inhomogeneous 
medium. 
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Fig.  6:  RMS  values  of  the  computed  cw 
PTDS  signals  for  flow  velocities  as 
labeled. 
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Fig.  5:  Computed  PTDS  signals  for  pulsed  excitation  in  a  (a)  medium 
moving  with  a  velocity  2  m/s,  and  (b)  in  a  stationary  medium. 


( ii)  Photothermal  Deflection  Spectroscopy  (PTDS) 

The  propagation  of  an  optical  beam  in  a  medium  of  inhomogeneous  refractive  index  is 
V...  _ _ _  ;  „„13 . 17 


governed  by  the  equation^ ' 


(10) 


where  s  is  the  perpendicular  displacement  of  the  beam  (see  Fig.  4)  and  Vn  is  gradient  of 
the  refractive  index  perpendicular  to  the  beam  path  s.  The  refractive  index  n(x,y,t)  is 
related  to  the  unperturbed  refractive  index  nQ  (in  the  absence  of  the  pump  beam)  by 


n(x,y.t)  =no  +  ^irA  T  (x,y,t)  . 

Therefore,  for  smalJL  deflection,  the  deflection  anqle 

3T(x.y,t) 


, ,  .  ]  3n 

W**0  =  hf  af 


/ ’ 

/path 


^x 


ds  , 


(id 

in  the  x-direction  may  be  written  as 

(12) 


where  T(x,y,t)  is  given  either  by  Eq.  (3)  or  by  Eq.  (5).  The  differentiation  with  respect 
to  x  can  be  performed  inside  the  -r-integral,  the  integration  over  ds  is  straightforward 
(ds=dz  for  collinear  and  ds=dy  for  transverse)  and  the  -r-integration  is  performed 
numerically . 

Fig.  5(a)  shows  some  of  the  results  predicted  by  Eq.  (12)  for  the  pulsed  excitation. 

The  transverse  photothermal  deflection  has  been  plotted  as  a  function  of  time  for  different 
positions  of  the  probe  beam.  A  positive  value  of  x  corresponds  to  the  probe  beam  being 
downstream  from  the  pump  beam.  We  note  that  as  the  probe  beam  is  moved  upstream,  the  signal 
becomes  smaller  and  narrower  quickly  because  the  heat  has  to  diffuse  against  the  gas  flow. 

As  the  probe  beam  is  moved  downstream,  the  signal  gets  stronger  at  first  and  then  acquires 
a  shape  which  is  essentially  the  derivative  of  the  spatial  profile  of  the  pump  beam  (which 
is  assumed  to  be  a  Gaussian  here).  As  x  is  increased  further,  the  signal  becomes  broader 
and  smaller  due  to  thermal  diffusion.  Fig.  5(b)  shows  results  similar  to  those  of  Fig.  5(a) 
but  in  a  stationary  medium  (vx=0  in  Eq.  12) ) .  In  this  case,  the  signal  is  zero  for  x=0 
because  3T/ 5x  is  zero  at  this  point,  and  reverses  sign  as  x  changes  sign,  as  expected.  For 
small  values  of  x(0<x<a)  the  signal  consists  of  a  sharp  deflection  of  the  probe  beam  shortly 
after  the  pump  laser  firing,  followed  by  a  gradual  return  of  the  probe  beam  to  its  original 
position  on  the  time  scale  of  the  diffusion  time  of  the  heat  out  of  the  probe  region.  The 
signal  attains  its  maximum  value  for  x=a/2  where  the  gradient  of  T(x,y,t)  is  a  maximum. 

For  larger  values  of  x,  the  peak  of  the  signal  occurs  later  in  time,  and  the  signal  is 
broader  and  weaker,  as  expected. 

Figure  6  shows  the  cw  PTDS  signals  for  the  collinear  case.  RMS  values  of  the  deflection 
have  been  plotted  as  a  function  of  the  distance  x  between  the  pump  and  the  probe  beams  for 
four  velocities  vx=0,  vx=l  cm/sec,  vx=10  cm/sec,  and  vx=  lm/sec .  Solid  lines  are  for  modu¬ 
lation  frequency  of  10  Hz  while  the  dotted  lines  are  for  100  Hz  modulation  frequency.  As 
the  flow  velocity  of  the  medium  increases,  the  curves  become  more  and  more  asymmetric,  as 
expected.  Note  that  for  large  velocities,  the  signal  downstream  becomes  very  small  even 
though  a  significant  temperature  distribution  (above  ambient)  exists.  This  is  because  the 
gradient  of  the  temperature  in  this  region  is  very  small.  In  order  to  understand  the  dip 
in  the  signal  at  x=a (vx=lm/s) ,  one  must  examine  the  change  in  the  temperature  gradient  as 
the  pump  laser  intensity  oscillates-*-4 .  We  also  note  that  as  the  modulation  frequency  in¬ 
creases,  the  signal  amplitude  in  general  decreases,  and  for  vx=0,  the  signal  peaks  occur 
closer  to  x=a/2  because  the  heat  is  able  to  diffuse  only  a  shorter  distance  during  the 
modulation  cycle. 

(iii)  Photothermal  Lensing  Spectroscopy  (PTLS) 

Figure  (7)  shows  a  typical  scheme  for  the  detection  of  a  thermal  lens.  A  thermal  lens 
(sample  with  the  pump  beam  passing  through  it)  is  placed  a  distance  z^  in  front  of  the  probe 
team  waist.  A  screen  with  a  pin-hole  is  placed  a  distance  Z2  in  front  of  the  thermal  lens. 
Intensity  of  the  probe  beam  passing  through  the  pin-hole  is  observed  by  a  photodetector. 

If  the  focal  length  of  the  thermal  lens  f>>Z2  (which  is  generally  the  case),  and  Z2>>z^ 
(which  can  generally  be  arranged),  then  the  signal  s(t),  defined  as  the  fractional  change 
of  the  probe  beam  power  at  the  photodetector  is-*-^'-*-^ 
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where  fx  and  f>,  are  the  focal  lengths  of  the  (astigmatic)  thermal  lens  in  the  x-  and  the  y- 
directions.  They  are  given  by36,l7 
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The  PTLS  signal  is  then  given  by  Eq .  (13),  with  Eqs .  (14)  and  (15),  and  T(x,y,t)  qiven  by 

either  Eq.  (3)  or  by  Eq.  (5) .  Again,  the  differentiations  with  respect  to  x  and  y  can  be 
performed  inside  the  t - Integra  1 , the  integration  over  ds  is  straightforward,  and  the 
t-integral  is  evaluated  numerically'. 

Figure  8(a)  shows  a  few  typical  pulsed  PTLS  signals  in  a  stationary  medium  for  the 
transverse  case.  The  fractional  change  in  the  power  at  the  detector  has  been  plotted 
against  time.  A  negative  value  of  the  signal  corresponds  to  a  diverging  lens,  while  a 
positive  value  corresponds  to  a  converging  lens.  For  ] x |  <0.5a,  the  photothermal  lens 
behaves  like  a  diverging  lens.  For  jx|=0.5a  the  signal  vanishes  at  t=0  (because  the  second 
derivative  of  temperature  is  zero  at  this  place).  However,  for  t>0  some  signal  gets  gen¬ 
erated  by  the  heat  diffusing  out  from  the  inside  of  the  pump  beam.  For[x|>0.5a,  the  photo- 
thermal  lens  behaves  like  a  converging  lens.  Figure  8(b)  shows  pulsed  PTLS  signals  in  a 
flowing  medium  for  the  transverse  case.  In  this  case,  the  thermal  lens  travels  downstream 
with  the  flow  of  the  medium.  The  signal  at  x=3a  shows  the  shape  of  the  signal  due  to  the 
entire  lens.  The  thermal  lens  is  a  diverging  lens  in  the  center  while  it  is  a  converging 
lens  in  the  wings. 

Figure  9  shows  the  cw  PTLS  signals  for  the  transverse  case.  The  RMS  value  of  the  signal 
is  plotted  against  the  pump-probe  distance  for  modulation  frequency  of  10Hz.  A  stationary 
medium,  and  flow  velocities  of  1  cm/s,  10  cm/s,  and  1  m/s  are  considered.  The  signal  is 
symmetric  about  x=0  for  vx=0,  and  this  symmetry  is  lost  as  vx  is  increased,  as  expected. 

The  apparent  symmetry  of  the  signal  for  vx=l  m/s  is  fortuitous.  For  vx=0,  the  signal  con¬ 
sists  of  three  peaks;  the  central  peak  corresponds  to  a  diverging  lens  while  the  side  peaks 
correspond  to  a  converging  lens.  For  higher  velocities  (vx>10cm/s) ,  the  peaks  on  the  left 
correspond  to  converging  lenses,  while  those  on  the  right  correspond  to  diverging  lenses. 

The  work  described  here  is  derived  from  References  13,14,15,  and  16.  Collaboration  of 
Reeta  Vyas,  Allen  Rose,  and  Brian  Monson  is  greatfully  acknowledged.  This  work  was  support¬ 
ed  in  part  by  Air  Force  Wright  Aeronautical  Laboratories,  and  in  part  by  Arkansas  Science 
and  Technology  Authority. 
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Abstract 

Cling  Rydberg  atoms  in  strong  microwave  fields  we  have 
studied  radiatively  assisted  collisions  in  which  the  field  is  too 
strong  to  be  treated  perturbatively.  Collisions  in  which  the  stimu¬ 
lated  emission  of  up  to  four  photons  are  absorbed  hate  been 
observed,  and  a  theory  based  on  resonant  collisional  energy 
transfer  between  dressed  atomic  states  has  been  developed  to  fit 
the  data. 

1.  Introduction 


for  which  Hj  •  T  =  1  where  T  is  the  duration  of  the  collision. 
Approximating  T  by  b/v.  v  being  the  collision  velocity,  and  using 
r  ~  b  in  Hj  leads  to  the  requirement 


This  yields  immediately  b2  =  v.  For  Rydberg  atoms 
(i  ~  n,.  so  b2  =  n4/v.  The  collision  time  T  is  obtained  using  this 
value  of  b. 


A  Radiatively  Assisted  Collision  is  one  in  which  two  atoms 
absorb  or  are  stimulated  to  emit  a  photon  during  the  collision. 
This  process  was  first  discussed  under  this  name  by  Gudzenko  and 
Yakov  lenko.1  Since  typical  atomic  collisions  do  not  last  very  long. 
-I0'12s.  an  intense  laser  is  needed  to  drive  the  process,  and  after 
the  development  of  intense  tunable  dye  lasers  it  was  studied 
experimentally  by  several  research  groups,  beginning  with  the 
work  of  Falcone  et  al.2"5  There  is,  however,  an  alternative 
approach  to  study  ing  this  process,  line  broadening,  in  which,  in¬ 
stead  of  having  few  atoms  and  many  photons,  there  are  many 
atoms  and  not  few  photons.  In  the  perturbative  limit  the  two 
approaches  lead  to  the  same  result  as  has  been  shown  by  Gal¬ 
lagher  and  Holstein.6 

no 


Figure  1  -  Energy  level  diagram  for  two  ns  atoms  to  collide  while 
emitting  a  photon.  This  leaves  the  atoms  in  the  np  and  (n-I)d 
states 


If  we  return  to  the  radiative  collision  point  of  view,  it  is 
apparent  that  a  major  problem  is  the  fact  that  the  short  duration 
of  atomic  collisions  requires  enormous  optical  powers  to  drive  a 
radiatively  assisted  collision.  Let  us  consider  doing  analogous 
experiments  with  Rydberg  atoms.  For  a  start  we  consider  a  reso¬ 
nant  dipole-dipole  collision  process.  The  dipole-dipole  interac¬ 
tion  matrix  element  is  approximately  given  by 


where  ft.  and  ft2  are  the  transition  matrix  elements  of  the  two  col¬ 
liding  atoms  and  r  is  the  internuclear  separation  of  the  two  atonw. 
We  may  derive  a  cross  section  by  finding  the  impact  parameter  b 


The  cross  section  a0  is  given  by  b2. 


a 


o  ~ 


n4 


(3) 


(4) 


For  typical  thermal  velocities,  which  arelO'4  -  10'3  atomic  units. 

and  n  ~  20,  we  find  cross  sections  of  \09°A  and  collision  times  in 
excess  of  Ins.  Such  collision  times  are  several  orders  of  magni¬ 
tude  longer  than  typical  atomic  collision  times,  making  Rydberg 
atoms  excellent  candidates  for  the  study  of  radiative  collisions.  In 
fact  collision  times  in  excess  of  0.1  us  have  been  observed.7  A 
radiative  collision,  in  which  the  energy  resonance  is  produced  w  ith 
a  microwave  photons  is  shown  in  Figure  1.  The  dipole-dipole 
interaction  of  Eq.  1  is  replaced  by 


H, 


r  A 


(5) 


Here  is  the  ns-np  transition  matrix  element  of  one  atom,  and 
ff2  and  are  the  ns-(n-l)p  and  (n-ljp-(n-l)d  transition  matrix 
elements  of  the  second  atom,  E  is  the  microwave  field  amplitude 
and  A  is  the  detuning  of  the  virtual  intermediate  level.  For  this 
collision  to  be  as  probable  as  a  ns  +  ns  -*  np  +  (n-l)p  resonant 
collision  the  factor  fi3  E/A  must  be  of  order  one.  This  require¬ 
ment  gives  us  a  requirement  on  the  microwave  electric  field 


E  =  —  .  (6) 

t'3 

The  field  required  may  be  estimated,  using  A  =  I  cm'1  and 
fij  -  400  ea0,  to  be  ~  50  V/cm  which  is  a  power  level  of  -  6 
W/cm2,  many  orders  of  magnitude  below  the  powers  used  in  the 
optical  experiments.  We  note  that  the  estimate  of  Eq.  (6)  is  to 
produce  a  radiatively  assisted  collision  as  strong  as  a  resonant 
dipole  dipole  collision,  a  distinctly  nonperturbative  situation.  The 
power  levels  mentioned,  6  W/cm2  are  modest,  so  it  is  not  unrea¬ 
sonable  to  consider  exploring  the  regime  in  which  the  microwave 
field  has  a  strong  effect  on  the  collision. 
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II.  Experimental  Approach  and  Observations 

In  figure  2  we  show  Na  energy  levels  in  an  electric  field. 
In  a  field  the  ISp  and  I'p  levels  both  shift  to  higher  energies,  and 
at  a  field  of  -400V  cm  the  KSs  state  is  midway  between  the  two  p 
states.  Allowing  resonant  collisional  energy  transfer  in  the  colli¬ 
sion  of  two  ISs  atoms.  At  slightly  lower  fields  collisions  which 
become  resonant  upon  the  stimulated  emission  of  one,  two.  or 
three  microwave  photons  can  be  observed.8  The  experiments  are 
earned  out  by  exciting  atoms  to  the  ISs  state  and  detecting  those 
atoms  which  have  been  collisionally  transferred  to  the  ISp  state. 


0  100  200  300  -too  600  600 

ELECTRIC  FIELD  IV  cm! 


figure  2  -  F.nergy  level  diagram  for  Na  as  a  function  of  electric 
field  The  four  sets  arrows  indicate  the  resonant  collisional  energy 
transfer  processes.  The  short  bold  arrows  indicate  how  many 
microwave  photons  are  emitted,  zero  to  three 

The  experiments  are  carried  out  using  the  apparatus  shown 
m  l  ie  3.  which  is  described  in  detail  elsewhere.0  An  effusive 
l  earn  .  f  Na  atoms  passes  through  a  microwave  cav  ity  where  the 
ah  .ms  are  excited  by  two  countcrpropagating  pulsed  dye  laser 
beams  tuned  to  the  3s-3p  and  3p-ns  transitions.  A  pencil  shaped 
volume  of  excited  ns  atoms  is  excited.  The  excitation  takes  place 
in  combined  microwave  and  static  fields,  and  collisions  between 
excited  atoms  are  allowed  to  occur  for  1/is,  at  which  point  the 
microwave  field  is  switched  off.  and  a  high  voltage  pulse  is  appl¬ 
ied  to  the  septum  in  the  cavity  to  field  ionize  only  those  atoms 
which  have  made  the  transition  to  the  np  state.  There  is  a  I  mm 
diameter  hole  in  the  top  of  the  cavity  allowing  ions  formed  at  a 
microwave  field  antinode  to  reach  the  detector.  A  static  field, 
applied  by  putting  a  voltage  on  the  septum,  is  slowly  scanned  to 
tune  through  the  collisional  resonances.  The  microwave  cavity  is 
a  piece  of  WR90  waveguide  20  cm  long  closed  at  the  ends.  It  is 
operated  on  TE10n  modes,  where  n  is  odd.  to  produce  an  antinode 
of  the  microwave  field  at  the  center  of  the  cavity.  At  15.4  GHz 
the  cavity  has  a  Q  of  2300  allowing  microwave  fields  -IkV/cm  to 
be  produced.  This  corresponds  to  intensities  slightly  in  excess  of 
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figure  3  -  Schematic  diagram  of  the  apparatus 


One  of  the  first  results  obtained  with  the  apparatus  is 
shown  in  Fig.  4,  recordings  of  the  22s  +22s  -•  21s  +  22p  colli- 
sional  resonances  with  and  without  microwave  power  incident  on 
the  cavity.10  The  trace  without  microwaves  has  four  collisional 
resonances  corresponding  to  the  fact  that  the  electric  field  lifts  the 
degeneracy  of  the  |m|  =  0  and  1  levels  of  the  p  states.10  The  two 
central  resonances  and  overlapped  in  Fig.  4.  The  most  interesting 
aspect  of  Fig.  4  is  the  fact  that  the  one  photon  radiatively  assisted 
collision  signal  is  nearly  as  large  as  the  resonant  collision  signal 
with  <  lm\V  of  incident  microwave  power. 


70  90  no  130  150 

£(V/cm) 


Figure  4  The  22s+22s  — >  22p+21p  resonant  collision  signals  with 
and  without  lmW  of  microwave  power.  With  lmW  of  microwave 
power  the  radiatively  emitted  collisions  are  nearly  as  probable  as 
the  resonant  collision  process. 

In  Figure  5  vve  show  a  series  of  recordings  for  the  18s  +  18s 
—  18p  +  1 7p  resonances.10  It  is  convenient  to  label  the  four  colli¬ 
sional  resonances  as  where  and  are  the  |m| 

values  of  the  upper  and  lower  p  states  and  k  is  the  number  of 

microwave  photons  emitted.  In  Fig.  5  the  (0.0)k  resonances  are 
marked  by  an  arrow  and  the  number  k,  which  is  in  the  range  zero 
>o  three.  Examining  Fig.  5  we  note  that  the  collisions  involving 
more  microwave  photons  become  generally  more  probable  as  the 
power  is  increased.  However  on  closer  inspection  we  see  that  the 
k  =  0  resonances  disappear,  at  Emw  -  150V/cm  and  reappear  at 
Emw  =  150V/cm,  Similarly  the  k  =  1 

resonances  disappear  at  l50V/cm.  We  can  also  see  that  all  reso¬ 
nances  shift  to  lower  static  fields  with  higher  microwave  power. 
Finally  vve  can  see  that  in  many  cases  the  resonances  become  more 
symmetric  and  narrower  at  higher  microwave  power.  In  Fig.  6 

we  plot  the  magnitudes  of  the  [0,0]  signals  as  a  function  of  the 
microwave  power  to  show  in  a  more  systematic  way  the  variation 
of  the  observed  radiatively  assisted  collision  cross  section  with 
microwave  power.  The  observations  shown  in  Fig.  5  are  not 
unique  but  are  similar  to  those  obtain  for  other  states. 
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Figure  5  The  18s-fl8s  — •  l8p+17p  resonant  collision  signals  for 
several  15.4GHz  microwave  field  strengths  (a)  0,(b)  13.5V/cm,  (c) 
50V  cm,  (d)  105V/cnt  and  (3)  160V' /cm.  The  arrows,  numbered  ' 

by  k,  point  to  the  (0,0]  resonances,  the  lowest  field  members  of 
each  set  of  four  resonances  corresponding  to  the  four  possible 
combination  of  m  values  of  the  p  states. 

III.  Theoretical  Description 
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Figure  6  -  Observed  and  calculated  values  of  the  cross  section  for 

zero  photon  (resonant)  collisions  (O. - )  one  photon  assisted 

collisions  (• - ,),  two  photon  assisted  collisions  (A. - i 

and  three  photon  assisted  collisions  (■  , - ). 

If  we  insert  the  wavefunctions  of  Eq.  (7)  into  Eq.  (Ii  wo 
have  a  description  for  resonant  collisions  of  dressed  atoms.  If  we 
consider  the  resonance  in  which  k  photons  are  emitted,  the  reso¬ 
nant  contributions  to  the  matrix  element  are 


The  observations  Fig.  5  show  that  the  radiative  collision 
cross  sections  equal  or  exceed  the  resonant  collision  cross  sections. 
In  such  a  case  the  microwave  field  can  not  be  treated  as  a  small 
perturbation.  To  account  for  the  strong  effect  of  the  microwave 
field  we  have  treated  the  radiative  collisions  as  resonant  collisions 
between  microwave  dressed  atoms.  We  here  outline  the  theory.10 
Our  treatment  starts  with  the  observation  that,  in  the  static  field, 
the  s  states  have  nearly  no  energy  shift  while  the  p  states  exhibit 
large  Stark  shifts,  which  are  to  a  first  approximation  linear  as 
shown  by  Fig.  6.  When  a  microwave  field  is  added  to  the  static 
field  the  energy  of  a  p  state  oscillates  synchronously  with  the 
microwave  field.  Stated  another  way,  the  energy  of  a  p  state  is 
modulated  by  the  microw'ave  field.  To  a  good  approximation  the 
wave  function  of  atom  A  in  a  p  state  in  a  microwave  field  E 
sin-ct  is  given  by  12 


H,  = 


SJ„,  ( 


3F 


-F). 

UJ 


(8) 


The  k  photon  resonance  thus  corresponds  to  the  coherent  sum  of 
all  process  in  which  a  net  of  k  photons  are  emitted,  and  the  colli¬ 
sions  between  many  sets  of  sidebands  contribute,  as  shown  by  Fig. 
7.  Eq.  (8)  may  be  simplified  to 


W'b 

dF 


<di 


Following  the  reasoning  leading  to  Eq.  4  we  conclude  that  the 
radiative  collision  cross  section  ctk  is  given  by 


aw 

v  p-'w  t  y  I  (  A 


|F  )  -  )  e,mwt 

3  OJ 
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I  K  < 


<W~A 

dF 
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where  dWA/dFlF  is  the  field  derivative  of  the  energy  of  Atom  A 

at  the  static  field  Fa,  and  WA  is  the  energy  at  the  static  field  Fs. 
A  similar  expression  is  found  for  Atom  B. 


i.e.  the  radiative  collision  cross  section  is  related  to  the  resonant 
collision  cross  section  by  a  Bessel  function.  Using  a  sightly  more 
sophisticated  theory  the  solid  lines  of  Fig.  6  have  been  calculated 
to  show  the  dependence  of  <7k  on  microwave  power.  As  shown 
b>  Fig.  6  the  calculations  are  in  excellent  agreement  with  the 
experimental  results. 
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We  turn  now  to  consider  mo  oilier  aspects  of  Fig.  5.  First, 
the  shift  of  the  resonances  to  lower  static  fields  is  an  AC  Stark 
shift  which  is  well  accounted  for  by  a  more  exact  theoretical 
treatment  than  given  here.  Second  the  counter  intuitive  fact  that 
the  resonances  become  sharper  and  less  symmetric  at  higher 
microwave  powers  can  be  understood  by  referring  to  Eq.  (5).  In 
a  radiative  collision  there  are  two  parts  to  the  interaction  a  dipole 
dipole  part  and  a  radiative  part.  At  low  microwave  powers  the 
radiative  part  is  small  requiring  a  large  dipole  dipole  part,  or  the 
close  approach  of  the  two  atoms.  The  close  approach  increases 
the  probability  of  collisions  in  the  region  where  the  interatomic 
potentials  are  not  flat,  leading  to  asymmetric  resonances.  It  also 
means  collisions  of  shorter  duration,  or  wider  collisional  reso¬ 
nance'. 

IV.  Conclusion 

In  sum  it  seems  that  Rydberg  atoms  and  microwaves  pro¬ 
vide  an  excellent  system  in  which  the  study  radiative  collision 
processes  in  a  systematic  fashion.  While  date  only  a  few  experi¬ 
ments  nave  been  done,  they  have  stimulated  the  development  of  a 
Floquet  theory  along  much  the  same  lines  as  those  used  to  treat 
other  higher  field  phenomena. 
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Abstract 


Single  molecules  of  aniline  were  stepwise  solvated  with  solvent  shells  Mn  consisting  of  either 
XH3,  N2H4,  CH3OH,  or  HiO  and  studied  by  mass-resolved  one-  and  two-color  resonance-enhanced 
multiphoton  ionization  (REMPI)  and  electron  impart  (El)  ionization.  The  influence  of  microsol¬ 
vation  was  investigated  for  the  processes  of  unimolecular  dissociation  and  intracluster  dissociative 
proton  transfer.  Dissociative  proton  transfer  from  aniline  to  M„  to  form  H+M„  was  strongly 
dependent  on  Mn  proton  affinity,  which  for  a  particular  solvent  generally  increased  with  n.  Con¬ 
sequently,  a  solvent  size  threshold  for  formation  of  H+Afn  was  observed  for  NH3  ( n  >  3),  N2H4 
(n  >  2),  CH3OH  (not  seen,  n  >  4),  and  H20  (not  seen,  n  >  4).  Calculated  enthalpies  of  these 
reactions,  using  a  model  that  accounts  for  the  energetics  of  stepwise  solvation,  displayed  excellent 
correlation  with  the  observed  results.  In  a  second  experiment,  the  solvation  of  the  well-known 
CeHsNH^  — *  CsHg  -f  HiVC  dissociation  revealed  a  striking  electron  transfer  mechanism  whereby 
solvation  with  N2H4  led  to  extensive  formation  of  HNC-A/+.  Although  all  the  solvents  studied  have 
ionization  potentials  above  that  of  aniline,  only  N2H4  has  a  value  less  than  that  of  the  fragment 
C.5H6. 


Introduction 

One  of  the  fundamental  issues  in  reaction  dynamics  is 
understanding  how  solvent  molecules  influence  the  proper¬ 
ties  of  a  chemical  reaction.  This  has  traditionally  been  in¬ 
vestigated  by  comparing  the  kinetics  of  gas  phase  reactions 
to  that  in  solvents  of  varying  viscosity.1  In  a  recent  study, 
we  have  refined  a  technique  to  sequentially  solvate  single  re¬ 
active  molecules  with  one  or  more  solvent  molecules.2  The 
technique  relies  on  the  ability  to  form  molecular  clusters  in  a 
supersonic  expansion.  Clusters  of  solvent  molecules,  seeded 
with  a  single  reactive  solute  molecule,  can  be  formed  under 
the  appropriate  expansion  conditions  and  sample  mixtures. 

We  present  results  for  an  investigation  of  the  reactivity 
of  a  single  aniline  cation  seeded  within  a  solvent  shell  A/„  of 
varying  size  (typically  n  =  1-10)  consisting  of  either  NH3, 
N2H4,  CH3OH,  or  H20.2  The  reactivity  of  cations  was  cho¬ 
sen  because  the  microsolvated  reactant  cation  and  the  sub¬ 
sequent  formation  of  charged  products  could  be  monitored 
by  time-of-flight  (TOF)  mass  spectrometry  in  the  molecular 
beam  apparatus.  The  cations  were  formed  with  specific  ini¬ 
tial  energies  by  resonance  enhanced  multiphoton  ionization 


(REMPI).  We  also  compared  these  results  to  the  chemistry 
of  microsolvated  aniline  formed  by  electron  impact  (El)  ion¬ 
ization. 

There  are  only  a  handful  of  studies  in  the  literature  that 
focus  on  the  reactivity  of  large  aromatic  molecules  in  micro- 
solvent  shells.  Most  of  these  tend  to  deal  with  so  called 
“soft”  chemistry  (e.g.,  charge  transfer  and  intermolecular 
vdW  bond  dissociation.  However,  a  few  notable  studies  of 
hydrogen  bond  dissociation,3  proton  transfer  reactions,4,5 
and  microcluster  crystallization6  deserve  citing.  In  the 
pr<  nt  investigation,  emphasis  was  placed  on  how  sequen¬ 
tial  solvadon  promotes  or  quenches  “hard”  chemistry  (e.g., 
fragmentation  and  rearrangement).  Aniline  was  chosen  for 
this  work  because  its  unimolecular  ion  fragmentation  prop¬ 
erties  have  been  extensively  studied.7,8  The  molecule  also 
permits  a  study'  of  intracluster  acid-base  type  chemistry- 
such  as  dissociative  hydrogen  transfer  from  solvent  to  form 
protonated  aniline  cation  and  dissociative  proton  transfer 
from  aniline  cation  to  solvent  to  form  protonated  solvent. 
Our  success  in  stepwise  solvation  provides  us  with  the  op¬ 
portunity  to  systematically  observe  a  gas  phase  reaction 
evolve  toward  solution  phase  behavior  (i.e.,  “dissolve”)  on  a 
molccule-by-molecule  basis. 


Experimental 


The  supersonic  molecular  beam  time-of-flight  (TOF) 
mass  spectrometer  has  been  described  before2,9  and  is  il¬ 
lustrated  with  a  few  recent  modifications  in  Fig,  1.  The 
vacuum  system  consists  of  differentially  pumped  source  and 
ionization  chambers.  A  temperature-controlled  magnetic 
solenoid  pulsed  nozzle  in  the  source  chamber  is  used  for  the 
supersonic  expansion  which  enters  the  ionization  chamber 
through  a  1-mm-diam  skimmer.  The  extent  of  clustering  is 
very  sensitive  to  the  relative  delay  between  the  excitation 
source  (laser  or  e~  beam)  and  the  pulsed  valve  firing  is  il¬ 
lustrated  in  Fig.  2.  By  exciting  at  the  extremities  of  the  gas 
pulse,  it  is  possible  to  suppress  larger  clusters  and  still  form 
a  high  yield  of  the  singly  solvated  dimer.  This  should  prove 
important  in  photodissociation  experiments  by  helping  to 
remove  interferences  from  dissociation  of  larger  clusters. 

The  acceleration  grids  for  the  TOF  mass  spectrome¬ 
ter  consist  of  the  standard  three-grid  configuration.  We  use 
1-cm  grid  spacings,  a  1-m  drift  tube,  and  typical  extrac¬ 
tion  and  acceleration  fields  of  100-200  V/cm  and  1500-2000 
\' /cm.  respectively.  Deflector  plates  are  used  near  the  ion 
source  to  compensate  for  the  forward  velocity  of  the  molec¬ 
ular  beam.  Ion  signals  are  collected  by  measuring  current 
versus  ion  TOF  using  a  microchannel  plate  detector.  Mass 
spectra  are  recorded  using  a  125-MHz  bandwidth  transient 
digitizer  interfaced  to  an  IBM  AT  computer. 
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Fig.  2.  1-C  R.EMPI  TOF  mass  spectra  (MS)  of  aniline- 
(NH3)n  clusters  as  a  function  of  the  overlap  of  the  laser 
pulse  with  the  temporal  profile  of  the  pulsed  valve  (PV) 
output.  Conditions  were  =  294  nm,  0.05  mj/pulse,  50 
psi  He. 


The  laser  pulses  were  mildly  focused  by  using  a  30-cm 
focal  length  spherical  lens  positioned  to  bring  the  light  to 
a  focus  about  3-5  cm  before  crossing  the  molecular  beam. 
For  the  2-color  (2-C)  REMPI  experiments,  the  uj2  pulse  was 
typically  delayed  (optically)  by  3  ns  from  the  u/t  pulse.  The 
laser  pulse  widths  are  about  4-6  ns.  A  pulsed  El  ion  source 
with  scanning  electron  energy  capabilities10  was  also  em¬ 
ployed  for  these  studies. 


Chemistry  in  Microsolvents 


We  investigated  two  reactions  involving  microsolvated 
aniline  cation;  the  proton  or  acid  dissociation  reaction 

C6H5NH+  —  C6H5NH  +  H+  (1) 

which  is  energetically  unfavorable  in  the  gas-phase,  and  the 
dissociation 

C6H5NH+  — *  C5H+  +  HNC  (2) 

which  is  a  well-known  gas- phase  reaction-7,8 


Fig  1.  Schematic  of  the  experimental  apparatus.  In  the 
present  work,  2-C  excitation  was  achieved  using  a  single 
dye  laser  and  the  2nd,  3rd,  or  4th  harmonic  of  the  Nd:YAG 
laser.  Symbols  are  defined  as  follows:  MCP  =  microchan¬ 
nel  plate  detector;  PMT  =  photomultiplier  tube;  TMP 
=  turbomolecular  pump;  DP  =  diffusion  pump;  BS  = 
beamsplitter;  A  EXT  =  wavelength  extension  components. 
Free  jet  fluorescence  detection  was  not  used  in  the  present 
study. 


Dissociative  Proton  Transfer 

The  first  reaction  is  particularly  interesting  because  it 
can  become  favorable  in  the  presence  of  solvent  molecules 
of  sufficient  basicity.  The  interesting  question  is  how  large 
a  solvent  shell  is  required  to  observe  an  acid-base  reaction. 
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A  thermodynamic  cycle  appropriate  to  reaction  (1)  can 
be  written  that  gives  the  gas  phase  reaction  enthalpy 

A Hg  =  IP{H)  -  IP(A)  +  Dh(A{-H })  -  Dh+(M)  (3) 

The  Ip  values  are  ionization  potentials,  and  the  D  values 
are  bond  energies  which  are  written  to  be  interpreted  as  a 
hydrogen  affinity  (Dh)  and  a  proton  affinity  (D^  +  ).  The 
addition  of  terms  to  include  the  energetics  of  stepwise  sol¬ 
vation  has  been  derived  previously2,  and  is  given  by 

n  n 

A H.,n  =  A H,  +  £a£m_i(.4+M)  -  (tf+M) 

«=1  1=2 

(4) 

Here,  the  A E  terms  are  solvation  energies  for  successive 
addition  of  M  to  A+  or  //+ ,  respectively. 

The  appearance  of  the  product  H + Mn  in  the  REMPI 
mass  spectra  for  A/=NH3,  N2H4,  rind  CH3OH  is  presented 
in  Fig.  3.  From  these  and  other  spectra,  the  following  ob¬ 
servations  are  reached;  (i)  H+  Mn  formed  from  A+  ■  Mn  pre¬ 
cursor  was  observed  for  NH3  and  N2H4  with  a  solvent  size 
threshold  of  n  >  3;  (ii)  no  protonated  solvent  H+  Mn  was 
observed  for  CH3OH  or  H2O  up  to  values  of  n  =  5,  rep¬ 
resenting  the  limit  to  acceptable  signal-to-noise  for  these 
solvents. 

As  expected,  proton  transfer  from  aniline  to  Mn  to  form 
H+Mn  was  strongly  dependent  on  M„  proton  affinity,  which 
for  a  particular  solvent  generally  increased  with  n.  A  small 
solvent  threshold  size  for  formation  of  H+A/„  was  observed 
for  the  more  basic  solvents  NH3  (n  =  3)  and  N2H4  ( n  = 
2).  The  less  basic  solvents  CH3OH  and  H20,  however,  did 
not  induce  an  acid-base  reaction  for  solvent  shell  sizes  up 
to  n  =  4.  Qualitatively,  it  was  found  that  as  the  solvent 
basicity  increased,  the  number  of  solvent  molecules  required 
to  initiate  an  acid-base  reaction  decreased. 

Brutschy  et  a J.®  recently  reported  evidence  for  a  thresh¬ 
old  solvent  size  effect  in  the  dissociative  proton  transfer  in¬ 
volving  toluene  and  p-xylene  solvated  with  NH3,  CH3OH, 
and  H2O.  The  relative  ordering  of  the  n  threshold  values 
for  the  various  solvents  was  consistent  with  that  observed 
in  the  present  work,  although  the  absolute  values  in  the 
former  work  were  shifted  to  smaller  n.  These  results  are 
in  accord  with  the  model  for  stepwise  solvations  developed 
above.  Calculated  microsolvation  enthalpies  A H,  n  are  rep¬ 
resented  in  Fig.  4. 

A  notable  feature  of  the  calculated  results  is  the  pre¬ 
dicted  increase  in  enthalpy  at  the  first  level  of  solvation 
n  =  1  due  to  stabilization  of  the  reactant  side  of  reac¬ 
tion  (9)  without  an  offseting  stabilization  of  the  products. 
Subsequent  solvation,  however,  stabilizes  the  products  to 
a  greater  extent  than  the  reactants  so  that  the  overall  in¬ 
fluence  of  solvation  is  to  increase  Kcq  relative  to  the  gas 
phase.  A  second  feature  is  that  the  ordering  of  exother- 
micities,  NH3  >  CH3OH  >  H2O,  is  in  agreement  with  the 
present  results  and  those  of  Brutschy  et  al.5  This  trend  is 
most  strongly  correlated  with  the  proton  affinity  D//+(Af). 
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Fig.  3.  1-C  REMPI/MS  of  A+Mn  cluster's  showing  evi¬ 
dence  for  a  critical  solvent  size  in  various  solvents  for  dis¬ 
sociative  proton  transfer  to  form  H+A/„.  Pulse  energies 
were  about  1.0  mJ  (295  nm)  for  M  =  NH3  and  CH3OH, 
and  0.40  mJ  (233  nm)  for  N2H4. 


A+Mn  —  A(-H|  +  H  +  Mn 


n 


Fig.  4.  Calculated  stepwise  solvation  enthalpies  as  a 
function  of  solvent  and  shell  size  n  for  dissociative  proton 
transfer.  Calculated  results  are  compared  for  A  =  aniline 
and  toluene.  The  lefthand  most  data  are  for  the  gas  phase 
reactions. 
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A  third  feature  is  that  the  calculated  solvation  enthalpies 
AH,  „  are  more  exothermic  for  ,4=toluene,  thus  explaining 
the  smaller  threshold  values  of  n  reported  by  Brutschy  et 
a J.  for  that  system.  The  calculated  curve  for  the  reaction 
involving  toluene-(NH3  )„  is  plotted  in  Fig.  4,  although  the 
calculated  curves  for  all  solvents  are  shifted  in  energy  from 
the  aniline-(NH3 )„  data  by  essentially  a  constant  represent¬ 
ing  the  differences  in  the  Ip  and  hydrogen  bond  dissociation 
energy  £>h(.4{  —  H })  of  the  aromatic  cations. 

Dissociation  Induced  Electron  Transfer 

The  second  reaction  was  studied  with  the  original  in¬ 
tent  of  examining  solvent  quenching  of  known  gas-phase  dis¬ 
sociation.  In  the  course  of  this  work,  we  observed  a  strik¬ 
ing  electron  transfer  mechanism  that  was  strongly  depen¬ 
dent  on  the  properties  of  the  solvent.  This  is  diagrammed 
schematically  in  Fig.  5.  The  aniline  cation  is  represented 
by  AB  +  which  dissociates  as  indicated  above  to  OsH*  and 
HXC.  represented  by  .4+  and  B ,  respectively.  Two  differ¬ 
ent  product  pathways  were  observed,  depending  on  the  sol¬ 
vent  molecule  .\I.  When  solvated  by  NHj,  CH3OH,  or  H2O, 
AB  +  was  observed  to  dissociate  to  the  usual  uncomplexed 
gas-phase  products  .4+  =  C'5  II ^  and  higher  threshold  en¬ 
ergy  ions.  When  solvated  by  N2H4,  the  positive  charge  was 
observed  to  jump  to  a  solvent  molecule  in  the  course  of  the 
dissociation.  The  dissociation-induced  electron  transfer  can 
be  very  efficient  as  shown  by  the  mass  spectra  in  Fig.  6. 
For  REMPI  excitation  at  233  nm.  the  electron  transfer  oc¬ 
curs  with  near  unit  probability,  as  evidenced  by  the  strong 
HNC  N2H4  signal  at  mass  to  charge  ratio  m/q  =  59  and  the 
near  absence  of  the  CsHg  signal  at  m/q=65.  These  results 
occur  because  the  aniline  cation  suddenly  dissociates  into 
two  fragments  that  have  larger  ionization  potentials  (/p). 
The  solvent  molecule  N2H4  has  a  lower  Ip  than  C5H6  and  is 
in  effect  ionized  by  the  product  CsH|0  The  NH3,  CH3OH, 
and  H20  solvent  molecules,  on  the  other  hand,  have  higher 
values  of  Ip  and  hence  electron  transfer  to  these  solvents  is 
not  energetically  favorable.  An  interesting  sidelight  is  that 
these  results  demonstrate  that  the  bonding  site  for  the  first 
few  solvent  molecules  is  the  amine  group  and  not  the  aro¬ 
matic  ring  of  aniline.2 

Summary  and  Conclusions 

The  influence  of  microsolvation  was  investigated  for 
unimolecular  dissociation  and  intracluster  bimolecular  hy¬ 
drogen  transfer  and  proton  transfer.  The  solvation  of  uni¬ 
molecular  dissociation  revealed  a  striking  mechanism  for 
electron  transfer  from  fragment  to  solvent  that  depended 
strongly  on  the  properties  of  the  solvent  molecules.  For  acid- 
base  type  reactions,  distinct  evidence  for  critical  solvent  size 
effects  was  obtained  that  correlated  well  with  characteristic 
properties  of  the  solvent  (e.g.,  ionization  potential,  proton 
affinity,  bond  energies,  etc.).  These  results  systematically 
illustrate  how  a  gas-phase  reaction  evolves  toward  solution- 
phase  behavior  fi.e.,  “dissolve”)  on  a  molecule-by-molecule 
basis. 
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Fig.  o.  Pictorial  view  of  the  process  of  dissociation  and 
electron  (or  charge)  transfer  in  microsolvated  molecu¬ 
lar  clusters.  AB+  represents  the  aniline  cation  dissociat¬ 
ing  to  O5II5  (4)  and  HNC  ( B ).  The  solvent  molecules 
M  are  shown  preferentially  bonded  to  B  as  determined 
experimentally. 


ANIUNE-(N2H4) 
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Fig.  (i.  1-C  REMPI/MS  of  A-(N2H.)  )n  clusters  for  dif¬ 

ferent  excitation  conditions.  The  appearance  of  the  frag¬ 
ment  clusters  II  NC  (  N  >  II4 )+  is  evidence  for  a  dissociation- 
induced  charge  transfer  mechanism.  Numbers  over  peaks 
denote  amu. 
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Abstract 

Five  new  7-julolidinocoumarins  were  prepared.  All  compounds  also  had  substitutions  in  the  3-position  where  a  carbonyl  group  adjacent 
to  the  ring  was  required  for  significant  spectral  red  shift,  effective  fluorescence,  and  effective  lasing.  4-Methyl-7-julolidinocoumann-3- 
carboxylic  acid  showed  an  absorbance  maximum  at  425  nm  and  lased  in  the  502-538  nm  range  with  a  quantum  efficiency  of  0.27  at  524 
nm.  7-Julolidinocoumarin-3-carboxylate  methyl  ester  showed  very  similar  properties. 

Introduction 


There  is  a  need  for  efficient,  stable,  bleach-resistant  laser  dyes  in  the  green-yellow  portion  of  the  spectrum  for  biophysical  experiments. 
We  synthesized  five  new  7-julolidinocoumarins  and  determined  their  spectral  properties  and  lasing  characteristics.  The  compounds  were 
synthesized  with  several  goals  in  mind,  namely,  to  obtain  longer  wavelength  lasing  dyes  with  high  extinction  coefficients,  longer 
fluorescence  lifetimes,  and  high  quantum  yields,  with  better  solubility  in  a  variety  of  solvents. 

Materials  and  Methods 


The  chemical  structures  of  the  five  new  7-julolidinocoumarins  are  shown  in  Fig.  1.  The  detailed  synthetic  procedures  will  be  published 
elsewhere.  The  compounds  were  purified  by  combinations  of  recrystallization  from  organic  solvents  and  preparative  thin  layer 
chromatography.  Chemical  structure  was  confirmed  by  combinations  of  elemental  analyses,  mass  spectrometry,  NMR,  and  IR  analyses. 


7-Juloiidinocoumarin  Derivatives 
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Fig.  1 .  Chemical  structure. 


Absorption  spectra  were  determined  on  dye  solutions  in  spectral  grade  dimethylformamide  or  dimethylsulfoxide  using  a  Perkin-Elmer 
Model  552  spectrophotometer  to  better  than  1  nm  resolution.  Fluorescence  spectra  were  determined  in  a  SLM-Aminco  Model  500C 
spectrofluorimeter  at  room  temperature.  Lasing  was  induced  by  a  flash  lamp  or  argon  laser,  or  particularly  by  a  compact  2  mW  pulsed 
nitrogen  laser  (Laser  Science  Model  VSL-337)  used  in  conjunction  with  a  compact  dye  module  (Laser  Science  Model  DLM-120).  This 
configuration  offered  versatility  and  interchangeability  with  easy  access  for  changing  dye  solutions  and  optimizing  lasing  output. 

The  nitrogen  laser  was  internally  triggered  at  20  pps  giving  3  nsec  pulses,  20  pJ.  The  dye  laser  module  was  tuned  by  a  micrometer- 
driven  grating  using  Littrow  configuration  optics.  A  beam  expander/collimator  was  used  to  minimize  stray  light  and  direct  the  laser  beam 
onto  a  side-on  Hammamatsu  R282  photomultiplier.  Lasing  intensity  was  measured  in  terms  of  photon  counts  versus  wavelength  in  2  nm 
increments.  The  results  were  not  corrected  for  the  spectral  response  of  the  photomultiplier  nor  for  wavelength-dependent  differences  in 
grating  efficiency. 

Lasing  efficiency  was  determined  by  using  a  radiometer  (United  Detector  Technology  Model  81  optometer)  and  comparing  the  outputs  of 
the  nitrogen  and  the  dye  lasers.  The  wavelength-dependent  response  of  the  detector  was  corrected  with  s*  '’alteration  curve  supplied  by  the 
manufacturer. 
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Results  and  Discussion 


The  absorbance  spectra  of  the  five  new  dyes  yielded  excitation  and  emission  maxima  listed  in  Table  1  along  with  those  of  five  related 
7-julolidinocoumarin  dyes  previously  studied.  1-2  A  carbonyl  substitution  at  position  3  results  in  a  significant  red  shift  of  the  dye  in  the 
absorption  spectra.  Introduction  of  a  methylene  or  ethylene  bridge  between  the  3-position  of  the  ring  and  the  carbonyl  group  vitiates  these 
effects. 


Table  1 .  Some  Spectral  Characteristics  of  7-Julolidinocoumarin  Dyes 


Dye 

Longest 

Absorbance 

Fluorescence 
Emmission 
Maximum  (nm) 

Extinction 
Coefficient 
104m-1  Cm-1 

1 

425 

487 

24.4 

2 

440 

503 

14.9 

3 

282 

360 

9.8 

4 

278 

361 

8.1 

5 

285 

307 

10.0 

Coumarin  102 

390 

468 

2.2 

Coumarin  314 

437 

478 

4.5 

Coumarin  334 

452 

491 

4.1 

Coumarin  343 

440 

482 

4.3 

Coumarin  338 

433 

473 

4.3 

The  lasing  characteristics  of  dyes  1  and  2  are  shown  in  Figs.  2  and  3,  respectively.  Both  dyes  lase  in  the  range  502  to  538  nm  although 
the  3-carboxylate  methyl  ester  has  a  somewhat  broader  lasing  range  (FWHM  26  nm).  The  quantum  efficiencies  of  the  two  dyes  also  are 
similar  at  27%  measured  with  a  power  meter.  Thus  these  dyes  are  very  efficient  and  can  be  pumped  with  a  low  power  pulsed  nitrogen 
laser  or  low  power  flash  lamp. 
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Fig.  2.  Lasing  characteristics  of  5.6  mM  dye  1 
in  dimethylformamide. 


Fig.  3.  Lasing  characteristics  of  8.4  mM  dye  2 
in  dimethylformamide. 
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ANIONIC  AND  ZWITTERIONIC  STRUCTURAL  EFFECTS  IN  SOME  PYRIDINIUM  OXAZOLE  LASER  DYES 
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ABSTRACT 

We  have  looked  at  changing  the  anion  of  several  cationic  pyridinium  oxazole  laser  dyes  as  well  as 

at  a  zwitterionic  form  of  these  same  dyes.  These  modifications  might  greatly  improve  dye  lasing  out¬ 

put.  Our  initial  studies  had  shown  that  some  of  the  pyridinium  oxazole  dyes  had  very  long  lifetimes  but 
only  a  moderate  output.  Additionally,  in  the  past,  we  had  found  a  little  effect  upon  changing  anion  but 
had  noted  dramatic  improvement  in  output  using  detergents  with  some  dyes.  Results  of  the  lasing  tests 
showed  that  for  one  dye  the  zwitterionic  dye  form  had  an  exceptional  output  of  over  100  mJ  for  a  60  J 
input  in  our  system.  This  is  the  first  dye  to  actually  exceed  the  output  and  to  have  a  longer  lifetime 
than  rhodamine  6G.  This  was  not  a  general  result.  Other  zwitterions  tested  showed  no  exceptional  out¬ 
put.  Additionally, we  noted  essentially  no  change  in  output  with  change  in  anion.  These  results 

reinforce  our  earlier  conclusion  that  only  by  affecting  the  electronic  environment  of  the  actual 

chromofluor  does  one  change  its  lasing  parameters. 


INTRODUCTION 

This  laboratory  has  recently  made  a  study  of  25  pyridinium  oxazole  dyes.1  Several  of  these  dyes 
had  extremely  long  lifetimes  as  measured  in  our  dye  laser.  In  each  case  of  a  long  lifetime,  the  dye  was 
in  either  ethanol  or  methanol  with  argon  as  the  cover  gas.  Lifetimes  were  not  always  determined  with 
air  as  the  cover  gas;  however,  in  most  cases  with  air  the  observed  lifetimes  were  much  less.  Cover  gas 
effects  are  somewhat  subtle,  running  the  range  from  no  effect  to  a  factor  of  ten  plus  in  improved  output 
when  argon  is  the  cover  gas.2  Additionally  substituent  effects  have  been  noted  for  several  auxofluors 
attached  to  the  oxazole  ring.1  Because  the  pyridinium  oxazole  dyes  are  salts,  solvent  plays  an  impor¬ 
tant  part  in  the  ability  of  the  dyes  to  lase.  The  possibility  exists  that  different  anions  could  change  the 
photophysical  properties  of  the  dyes.  We  do  not  observe  the  anionic  effects  noted  by  Kauffman  and 
Bentley  with  respect  to  the  mesylate  anion  or  the  propanesulfone  zwitterion  over  the  tosylate  anion.3 
We  have  observed  that  unless  the  electronic  environment  of  the  dye  is  changed  appreciably  the  dye 
photophysical  properties  are  stable.1  Only  small,  although  measurable,  changes  have  been  found 
between  the  tosylate  and  perchlorate  salts  of  these  dyes.1 


EXPERIMENTAL 

Our  dye  laser  system  is  a  Phase-R  DL10Y  laser  head  in  a  triaxial  configuration.  The  cavity  has  a 
100%  reflector  wide  band  rear  mirror  and  we  use  output  couplers  with  20  to  90%  reflectivity.  For  most 
of  the  dyes  we  have  tested  a  50%  output  coupler  produces  the  highest  output.  Occasionally,  as  in  this 
study,  an  80%  output  coupler  gave  the  highest  output  with  some  dyes.  Temperature  of  coolant  and  dye 
solution  can  be  controlled  separately  to  0.01  °C. 4  Quantum  yield  measurements  were  made  using  a  Spex 
F222  fluorimeter  with  quinine  sulfate  as  the  comparison  standard.  For  the  latter  measurements,  the 
dye  concentrations  were  in  the  10  7  M  range  with  peak  absorbances  of  <0.014.  For  the  laser  tests  ,dye 
concentrations  were  2x10-4M,  unless  otherwise  noted. 


RESULTS 

The  basic  dye  molecule  is  shown  in  Figure  1  with  the  substitutions  germane  to  this  work.  Based 
on  the  results  of  Kauffman  and  Bentley,3  Kauffman3  suggested  that  we  try  a  zwitterionic  dye  form  for 
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Figure  1.  The  Basic  Pyridinium  Oxazole  Dye. 

for  Ox  2.  (The  short  form  nomenclature  follows  Reference  1 ,  see  Figure  2).  Also  suggested  was  the 
mesylate  anion  (methanesulfonate).  Figure  3  shows  the  variants  of  the  basic  dye  investigated  in  this 


Figure  2.  Comparison  Dye  Structures.1 
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Figure  3.  Dye  Structures  for  this  study. 

work.  For  all  of  the  data  reported  here,  argon  is  the  cover  gas.  We  have  found  in  the  past,1-6’7  that  the 
use  of  argon  as  the  cover  gas  can  improve  energy  output  by  from  50%  to  a  factor  of  10  and  improve 
fluorescence  quantum  yields  by  as  much  as  75%  depending  on  ihe  dye  and  the  solvent.  Some  dyes  have 
been  unaffected  by  the  use  of  argon  to  exclude  oxygen.  Table  1  gives  the  actual  energy  output  observed 
for  the  dyes  in  this  study  as  well  as  the  comparison  data  from  earlier  studies.  Except  for  Ox  2Z3  all 

TABLE  1.  Energy  Output  of  Laser  Dyes  Related  to  the  Basic  Pyridinium  Oxazole  Dye. 

The  cover  gas  is  argon. 


Dye 

Solvent 

Enerav _ 1 

mm 

Solvent 

_ Enerav _ 

In,  J 

In,  J 

Out,  mJ 

Ox  2 

EtOH/H20 

40 

Ox 17Aa 

EtOH/H20 

60 

33.1 

Ox  2Aa 

EtOH/H20 

60 

Ox  20 

EtOH 

55 

37.4 

Ox  2Z3a 

EtOH/H20 

60 

106.3 

Ox  20Z3a 

EtOH 

60 

24.7 

Ox  12 

EtOH 

35 

41.0 

EtOH/H20 

60 

37.8 

Ox  13 

EtOH 

45 

37.5 

Ox  21 

EtOH 

55 

42.2 

Ox  13A 

EtOH 

45 

44.9 

Ox  21Z3a 

EtOH 

60 

40.3 

Ox  16 

EtOH 

60 

30.7 

Ox  27a 

EtOH 

60 

76.9 

Ox  17 

EtOH 

60 

19.1 

Ox  l27Z3a 

EtOH 

60 

58.3 

a  Present  work. 


the  zwitterions  have  essentially  the  same  or  somewhat  less  output  than  the  tosylate  salts.  (Except  for 
Ox  13A,  the  perchlorate  salt,  all  earlier  work  in  Table  1  is  for  the  tosylate  salt).  In  the  case  of  the 
Ox  2  series,  the  tosylate  at  the  same  energy  input  would  have  a  somewhat  larger  output  than  the 
mesylate.  The  zwitterion,  Ox  2Z3,  had  the  highest  output  of  any  dye  we  have  observed.  Under  the  same 
conditions,  rhodamine  6G  put  out  100.2  mJ.  Actually  Ox  12  has  the  largest  slope  efficiency  of  any  of 
the  pyridinium  oxazole  dyes  tested,  but  Ox  12  has  a  small  lifetime  and  was  not  tested  previously  at  60  J 
input.  Table  2  lists  the  lasing  parameters  for  the  dyes  in  this  work  along  with  three  comparison  dyes. 
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TABLE  2.  Lasing  Parameters  for  Dyes  in  This  Study.  Solvent  is  ethanol 
unless  otherwise  indicated,  cover  gas  is  argon 


Dye 

1000  Ka 

t,  J 

1/c  MJ/I 

FOM  kJ/l 

Ox  2 

Et0H/H20 

2.63 

26.2 

438 

1 ,152 

Ox  2A 

Et0H/H20 

2.29 

26.7 

»10,000a 

Ox  2Z3 

Et0H/H20 

2.57 

18.7 

>>10,0003 

Ox  20Z3 

0.71 

23.9 

>>10,0003 

Ox  21Z3 

1.13 

22.0 

1,493 

1 ,672 

Ox  16Z3 

1 .77 

22.2 

25.2 

44.6 

Ox  17*> 

Et0H/H20 

0.64 

29.1 

18.0 

12.0 

OX  17A 

Et0H/H20 

0.89 

21.4 

0.005 

0.004 

Rho  6G  TFBC 

3.35 

15.9 

345 

1 ,200 

a  K  is  the  slope  efficiency,  t  is  the  threshold,  1/C  is  the  lifetime,  FOM  is  the  figure 


of  merit. 

b  From  Reference  1 . 
c  From  Reference  8. 

The  fluorescence  quantum  yields  of  the  dye  variations  are  summarized  in  Table  3.  With  one 
exception,  all  the  zwitterions  have  quantum  yields  >0.9.  In  the  Ox  2  series,  the  tosylate  and  the 
mesylate  have  essentially  the  same  quantum  yield. 


TABLE  3.  Absorption  and  Emission  Wave  Length  Maxima  and  Fluorescence  Quantum 
Yields  (FQY)  for  Selected  Pyridinium  Oxazole  Dyes  in  Ethanol  Under  Air. 


Dye 

Absolute  Peak,  nm 

Emission  Peak,  nm 

R3Y 

Ox  2 

410 

567 

0.73 

Ox  2A 

411.2 

565 

0.76 

Ox  2Z3 

409.7 

563 

0.92 

Ox  16Z3 

417.7 

520 

0.86 

Ox  20Z3 

389.7 

491 

1.03 

Ox  21 Z3 

387.0 

495 

1 .01 

Ox  27 

41 1 .2 

571 

0.83 

Ox  27Z3 

41 1 .8 

567: 

0.91 

Ox  17A 

410.6 

534 

0.99 

Ox  12 

452.2 

584 

0.65 

DISCUSSION 

In  our  previous  work1  (Figure  1),  A  was  generally  the  tosylate  anion  and  the  pyridyl  nitrogen  was 
quaterized  with  a  methyl  group  in  the  B  position.  We  found  that  substitution  of  a  fluorine  atom, 
methoxy  or  phenoxy  groups  for  hydrogen  in  position  C  improved  output  and  lifetime  over  the  unsubsti¬ 
tuted  dye  in  a  given  solvent.  Aliphatic  substitution  at  the  4  position  on  the  oxazole  ring  increased  both 
output  and  lifetime.  At  the  same  time,  substitution  of  F  at  position  C  reduced  the  output  and  lifetime; 
however,  these  parameters  were  both  still  greater  than  the  basic  dye,  Oxl.  Bridging  the  2  and  4  posi¬ 
tions  between  the  phenyl  and  oxazole  rings  produced  results  dependent  upon  the  degree  of  saturation  of 
the  bridge  Compared  to  Ox  2,  an  ethylene  link  (Ox  12)  greatly  improved  the  slope  efficiency  while 
reducing  lifetime  significantly.  Also  compare  Ox  13  and  13A  with  Ox  1.  A  vinylene  link,  Ox  15,  showed 
an  improved  slope  efficiency  and  was  one  of  the  dyes  with  a  superior  lifetime.  On  these  dyes  simulta¬ 
neous  substitution  of  a  fluorine  atom  in  position  C  considerably  reduced  both  output  and  lifetime, 
though  the  resulting  dyes  are  still  better  than  the  basic  dye.  Table  4  gives  the  lasing  parameters  taken 
from  Reference  1  for  comparison  purposes.  All  the  changes  discussed  affected  the  basic  chromophore 
and  influenced  the  lasing  parameters  strongly. 
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In  sharp  contrast  to  these  results,  changing  from  the  tosylate  salt  to  the  perchlorate  produced 
only  small  changes  in  the  lasing  parameters  (compare  Ox  13  and  13A  in  Table  4  and  1).  Also  see  the 


TABLE  4,  Lasing  Parameters  for  Comparison  Dyes  Used  in  This  Work, 
The  solvent  is  ethanol  and  the  cover  gas  is  argon  unless  otherwise 
noted.  Taken  from  Reference  1. 


Dye 

1000  K 

t,  J 

1/C  MJ/I 

FOM  kJ/l 

Ox  1 

0.56 

31.4 

35 

19.6 

Ox  2 

1.53 

22.1 

10,000 

15,300 

Ox  2  Methanol 

1.0 

15.6 

10,000 

10,000 

Ox  3 

2.1 

23.8 

485 

1,018 

Ox  4 

1.12 

25.3 

32.8 

36.7 

0x12 

3.00 

21.8 

188 

564 

Ox  13a 

1 .64 

22.5 

3.2 

5.2 

Ox  13Aa 

1.84 

22.1 

1.7 

3.1 

Ox  15 

1.29 

25.8 

10,000 

12,900 

Ox  16 

0.85 

26.8 

61 

52 

Ox  20 

1.57 

26.8 

704 

1106 

Ox  21 

1.63 

26.0 

10,000 

16,300 

a  Ox  13  and  13A  not  properly  distinguished  in  Reference  1.  Also  note  errors 


in  parameters  for  Ox  13  in  Reference  1 . 

differences  between  the  tosylate  and  mesylate  salts,  Ox  2  and  Ox  2A  (Table  2)  Though  the  thresholds 
are  similar,  the  slope  efficiency  of  the  mesylate  is  actually  somewhat  less  than  the  tosylate.  The  big 
improvement  is  observed  in  the  lifetime.  It  is  noted  that  the  lifetimes  of  Ox  2A,  Ox  2Z3,  and  Ox  20Z3 
are  »1 0,000  What  this  number  means  is  that  over  the  test  period  no  decay  was  observed  in  the  dye. 
These  dyes  were  tested  from  1.5  to  4.5  million  shots  at  10  J  input  at  25  Hz  with  no  loss  in  output. 
Thus  only  with  Ox  2Z3,  the  propanesulfone  zwitterion,  do  we  observe  enhanced  output  and  that  of  only 
about  20%,  not  the  2.5  times  observed  by  Kauffman  and  Bentley.3  The  other  zwitterionic  dyes  actually 
had  slightly  reduced  outputs  compared  to  tosylate  or  mesylate  salts,  even  for  Ox  27  where  an  n-butoxy 
was  substituted  for  methoxy  to  try  to  improve  solubility. 

These  findings  reinforce  our  conclusion  that  only  by  changing  the  electronic  environment  do  we 
affect  the  lasing  parameters.  Changing  anions  has  little  affect  on  the  lasing  parameters.  Using  a 
zwitterion  only  in  one  case,  the  only  dye  tested  by  Kauffman  and  Bentley,  lead  to  improved  performance. 
To  see  if  more  understanding  of  the  complex  effect  of  the  zwitterion  on  the  electronic  environment  can 
be  gained,  these  dyes  will  be  submitted  to  calculation  of  molecular  orbital  parameters 
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FROM  COMPUTERS  TO  HOLOGRAMS:  3-D  IMAGING  OF  3-D  COMPUTER  GRAPHICS 
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Webster,  NY  14580 

Abstract 

Holography  offers  the  opportunity  for  hardcopy  and  mass  producible  autostereoscopic  3-D  viewing  of  images 
created  with  computer  graphics.  This  talk  will  cover  recent  advances  in  holography  for  displaying  3-D  computer 
graphics:  wide  viewing  angle  planar  format  holograms,  geometric  accuracy,  and  automated  production  using  liquid 
crystal  spatial  light  modulators. 


I.  Introduction 


Three-dimensional  computer  graphics  is  of  growing  importance  in  a  wide  range  of  fields  for  both  technical  and 
non  technical  applications.  Some  of  these  areas  include  computer  aided  design/engineering/manufacturing 
(CAD/CAE/CAM),  architecture  and  facilities  management,  cartography,  medical  imaging,  advertising  and 
entertainment,  and  science  (crystallography,  pharmacology,  etc.).  Most  large  manufacturing  companies  rely  heavily  on 
3-D  computer  graphics  tools:  CAD,  CAE,  and  CAM  to  speed  the  process  of  bringing  products  into  the  marketplace. 
Visualization  of  the  3-D  designs  with  the  retention  of  the  depth  information  could  speed  all  of  these  processes.  Other 
technical  and  non-technical  business  activities  and  even  education  can  benefit  from  3-D  visualization.  Each  of  these 
potential  applications  areas  will  require  different  things  from  holograms  made  from  computer  graphics  imagery. 
However,  the  extent  to  which  holography  and  in  particular  holographic  stereograms  can  aid  the  visualization  of  depth 
will  depend  on  how  effective  the  display  is  and  how  quickly  it  can  be  created.  The  subjects  for  this  paper,  wide  viewing 
angle  and  geometric  accuracy,  address  the  effectiveness  of  the  display,  and  spatial  light  modulator  writing  of 
holographic  stereograms  addresses  the  issue  of  rapid  creation. 

II.  Holographic  Stereograms 

The  key  depth  que,  absent  from  normal  photography,  that  holography  can  provide  is  the  small  differences  in  the 
views  for  the  left  and  right  eyes,  parallax.  Normal  holography  requires  a  real  3-D  object  to  record  full  parallax.  An 
object  created  in  a  computer  may  not  exist  in  the  real  world,  making  normal  holography  impossible.  Holographic 
stereograms  synthesize  three-dimensional  views  by  incorporating  parallax,  at  least  in  the  lateral  plane,  as  a  series  of  2- 
D  projections  from  different  viewing  locations.'  The  role  of  holography  in  this  instance  is  to  record  the  numerous 
views  and  the  optics  to  enable  restriction  of  observation  to  the  view  that  would  be  seen  by  each  eye  at  its  location  if 
the  object  were  really  in  front  of  the  viewer.  The  2-D  projections  used  to  make  holographic  stereograms  can  be  the 
result  of  photography  of  a  real  object  or  scene  or  the  computed  projections  of  an  object  in  a  3-D  computer  graphics 
system  There  are  several  commonly  used  processes  for  accomplishing  this  task.  The  one  discussed  here  is  a  two-step 
process.2  In  the  first  step  the  film  strip  that  contains  the  sequence  of  perspective  views  is  projected  onto  a  diffusing 
screen  with  coherent  light.  A  movable  slit  placed  over  the  holographic  recording  plate  restricts  the  exposure  by  both 
the  scattered  light  from  the  diffusing  screen  and  the  reference  beam  to  a  narrow  band.  The  sequence  of  perspective 
images  is  recorded  on  neighboring  segments  of  the  master  hologram.  The  perspective  change  between  images, 
image  magnification,  and  slit  width  are  adjusted  so  that  when  the  master  hologram  is  reilluminated  with  the 
reference  beam,  a  virtual  image  of  the  subject  having  normal  horizontal  parallax  is  seen.  The  second  step  converts  the 
laser  viewable  hologram  to  an  image  plane  hologram  that  is  viewable  in  white  light.  To  accomplish  this  the  master 
hologram  is  illuminated  with  the  conjugate  reference  beam  to  form  a  real  image  of  the  diffusing  screen  that  is 
composed  of  a  superposition  of  the  entire  sequence  of  views.  This  real  image  is  holographically  recorded  with  the 
holographic  plate  at  the  location  of  the  image  of  the  diffuser.  This  image  plane  hologram  is  viewable  in  white  light 
when  it  is  illuminated  with  the  conjugate  beam. 

III.  Wide  Viewing  Angle 

The  viewing  zone  for  second  generation  holograms  is  the  size  of  the  viewing  window  formed  by  the  master 
hologram.  The  angular  range  of  viewing  the  master  hologram  is  determined  by  tne  relative  size  of  the  master  and 
image  plane  holograms  and  the  distance  between  them.  The  required  illumination  of  the  master  and  image  plane 
holograms  without  either  reference  beams  overlapping  the  other  hologram  limits  how  close  the  holograms  can  be 
placed  to  one  another  Figure  1  illustrates  this  geometric  constraint.  One  can  show  that  the  maximum  viewing  half¬ 
angle  $  is  related  to  the  reference  beam  angle  8  by  the  following  relationship: 


(m  —  w ) 

tan<$>= - Ian  0  (1) 

I  m  +  w ) 


where  m  is  the  master  hologram  width  and  w  is  the  final  hologram  width  From  Eq.  (1)  it  is  evident  that  the  relative 
widths  of  the  master  and  final  holograms  is  the  major  determining  factor  in  the  final  viewing  angle.  For  a  reference 
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beam  angle  of  45°  and  rtVw  =  2,  $  =  18.4°  and  for  m/w  =  4,  4>  =  31°  A  second  consideration  that  limits  the  quality  of  the 
holograms  over  wide  viewing  angles  is  related  to  the  angular  dependence  of  the  light  scattered  by  the  diffuser.  This  is 
illustrated  in  Fig.  2  for  three  different  types  of  diffuser/  For  a  Lambert's  Law  diffuser  the  intensity  falls  by  half  at  an 
angle  of  60°.  The  wide  scattering  angle  means  that  the  peak  scattered  intensity  in  the  forward  direction  is  relatively 
low  leading  to  long  exposure  times  for  the  holographic  recording.  Also  these  diffusers  tend  to  have  low  spatial 
resolution  due  to  multiple  scattering.  By  using  less  diffusing  material  both  of  the  negative  effects  can  be  reduced  at 
the  expense  of  a  sharper  fall-off  in  the  scattering  pattern  and  consequently  a  narrower  effective  viewing  range.  Fig.  3 
shows  a  holographic  stereogram  having  a  viewing  angle  >60°.  In  this  hologram  the  image  is  created  by  computed 
projections  of  a  3-0  object  in  a  computer.  The  edges  of  surfaces  are  represented  by  the  visible  lines  and  all  of  the 
hidden  lines  have  been  removed.  In  this  example,  where  a  flashed  opal  glass  diffuser  was  used,  the  effect  of  the 
decrease  in  the  scattered  light  intensity  at  large  angles  is  minimal. 


REFERENCE 
WIDEST  BEAM 


MASTER 

HOLOGRAM 


Figure  1  The  disposition  of  the  master  and  image 
plane  holograms  to  determine  the 
viewing  angle. 


SCATTERING  BY  VARIOUS  DIFFUSERS 


Figure  2  Scattering  distribution  for  various 
diffusers  (after  Ref.  3). 


Figure  3  Photographs  of  a  hologram  from  three 
viewing  locations 
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Iv.  Geometric  Accuracy 

Holographic  stereograms  that  are  created  from  projections  of  the  3-D  object  appropriate  to  photographic  or  visual 
imaging  provide  accurate  representations  if  the  viewer's  eyes  are  located  in  the  plane  of  the  master  hologram.  At 
other  locations  the  image  is  made  up  of  a  composite  of  portions  of  images  from  different  viewing  locations.  The 
composite  images  result  in  distortion  in  the  geometry  that  increases  with  the  distance  of  the  subject  from  the  image 
plane  ‘  The  push  for  a  wide  viewing  angle  in  the  final  hologram  leads  to  a  situation  where  the  viewing  location  is  fa r 
from  the  master  hologram,  thus  causing  large  distortion  of  the  image  from  its  original  geometry.  This  situation  is 
depicted  in  Fig.  4. 

in  most  cases  it  is  desirable  to  be  able  to  accurately  reproduce  the  geometry  of  the  object  that  was  created  in  the 
computer  This  can  be  done  by  developing  an  imaging  model  that  incorporates  the  horizontal  parallax  of  the 
holographic  stereogram.5  A  model  for  imaging  by  holographic  stereograms  can  be  understood  by  examining  Fig.  5. 


EYES  v 

v* - -V 


Figure  4  The  viewing  of  an  image  through  several 
slit  holograms  in  the  master. 


Eye  Points 


Figure  5  An  appropriate  imaging  model  for 

holographic  stereograms  has  the  image 
plane  for  any  slit  hologram  contain 
segments  from  various  eye  points 


The  image  stored  in  any  segment,  n',  of  the  master  hologram  consists  of  segments,  n",  that  are  obtained  from  a  range 
of  eyepoints,  n  The  correct  image  plane  film  strip  is  obtained  by  segmenting  the  normal  photographic  perspective 
images  and  rearranging  them  into  a  secondary  set  of  images  that  each  have  components  from  the  range  of  eye 
points. '•  This  new  film  strip  can  then  be  holographically  exposed  in  the  usual  way.  In  Fig.  6a  a  photograph  of  a 
nolographic  stereogram  made  using  the  normal  photographic  perspective  views  is  shown.  Note  the  shrinking  of  the 
dimensions  for  portions  of  the  subject  that  come  out  of  the  plane  and  expansion  of  portions  of  the  subject  behind  the 
Diane  in  Fig  6b  a  photograph  of  a  holographic  stereogram  is  shown  where  the  normal  perspective  images  have  been 
processed  to  form  the  film  strip  of  secondary  images  as  described  above.  The  hologram  made  using  the  image 
processing  algorithm  gives  accurate  geometric  depiction  of  the  subject. 

V.  Holographic  Stereograms  made  Using  Spatial  Light  Modulators 

The  use  of  photographic  methods  to  accomplish  the  conversion  of  an  incoherent  CRT  image  to  a  coherent  image 
offers  resolution  that  exceeds  any  available  computer  display  and  has  very  high  contrast  (>100)  and  continuous  gray 
scale  However,  the  time  lag  because  of  the  film  processing,  the  cost  of  film  and  processing,  and  the  need  for  human 
involvement  to  load  and  unload  film  at  both  the  photographic  and  holographic  stations  reduces  the  convenience  of 
obtaining  hard  copy  3-D  images  of  the  3-D  computer  graphics  We  have  been  examining  the  use  of  spatial  light 
modu:ators  (SMls)  as  a  direct  interface  between  the  computer  graphics  and  the  holographic  exposures  in  making 
ho'ographic  stereograms.”  *  He  use  of  SMls  could  enable  rapid,  inexpensive,  and  automatable  conversion  of 
computer  graphics  into  holograms. 

Spafa!  light  modulator  technology  is  progressing  rapidly  from  low  resolution  and  low  contrast  to  levels  of 
performance  that  show  promise  for  use  in  holography  and  coherent  optical  processing  applications.  For  instance  the 
currently  available  generation  of  SMls  are  2-D  matrix  addressed  liquid  crystal  displays  (LCDs).  For  instance  the  Kodak 
Data  Show  contains  a  Japanese-made  LCD  and  contains  the  necessary  interface  for  computer  graphics.  Some  of  its 
characteristics  are  enhanced  graphics  adapter  (EGA)  data,  640X480  pixel  resolution,  20.3X15.2  cm  area,  measured 
contrast  of  16,  and  8  gray  levels  The  EGA  format  is  a  standard  for  IBM  PC*  and  compatibles  and  seems  adequate  for 
many  computer  graphics  applications.  Interface  for  Apple*  PC's  are  also  available  The  contrast  of  16  measured  at 
514  5  nm  is  still  much  lower  than  available  with  photography,  but  can  prove  adequate  in  some  holographic 
applications 

The  experimental  arrangement  that  we  use  to  make  holographic  stereograms  using  the  LCD  is  shown  in  Fig.  7  An 
'3M  pc  compatible  is  used  to  drive  the  LCD  The  computer  calculations  that  provide  the  perspective  images  are 
•yO'ca'iy  pc.  formed  on  a  mainframe  computer  or  stand  alone  workstation  and  transferred  to  the  PC  for  the 
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holographic  steps  The  PC  controls  the  holographic  exposures  and  slit  motion  as  well  as  providing  the  graphics  driver. 
The  projector  optics  are  modified  from  the  35  mm  film  projection  optics.  For  the  large  format  LCD,  a  telescope 
provides  a  plane  wave  at  the  input  side  and  a  diffuser  at  the  output  side  provides  a  holographic  image  plane  that  is  the 
same  size  as  the  LCD.  A  photograph  of  a  hologram  made  using  this  technique  is  shown  in  Fig.  8.  For  simplicity  this 
image  is  a  single  view  of  the  chess  game  from  a  single  viewing  location.  Note  the  reasonable  visibility  of  the  image, 
and  the  smoothness  of  the  diagonal  lines.  The  contrast  is  still  substantially  smaller  than  that  available  from  tne 
holographic  process  and  provides  the  most  significant  limitation  to  the  use  of  this  technology.  It  is  anticipated  that 
further  developments  will  provide  commercial  SMLs  with  both  higher  resolution  and  increased  contrast. 


')  I  .  A,,  •>  , 

4  ?  4-4  % 

*****■»..  fe 


Figure  8  A  picture  of  a  hologram  made  using  a 
spatial  light  modulator. 


VI.  Conclusions 

High  viewability  of  holograms  is  an  important  factor  in  increasing  their  potential  use  in  the  work  environment. 
This  paper  has  discussed  two  aspects  of  viewability,  limits  on  the  viewing  angle  for  planar  format  holographic 
stereograms,  and  obtaining  geometrically  accurate  images  from  computer  graphics.  The  ease  of  making  holographic 
stereograms  will  place  a  limitation  on  the  availability  of  holographic  imagery  in  the  workplace.  The  demonstration 
that  currently  available  spatial  light  modulators  can  be  used  to  make  reasonable  holographic  images  indicates  that 
SLM  technology  is  close  to  having  a  substantial  impact  on  holography. 
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REAL-TIME  HOLOGRAPHY  USING  SeGe  FILMS 
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Abstract 


Real-time  holography  has  been  performed  in  SeGe  thin  films.  Particular  attention  has 
been  paid  on  recording  based  on  crystallization.  The  main  mechanisms  involved  in  the  pro¬ 
cess  are  discussed:  the  laser-induced  temperature  profile,  the  kinetics  of  crystallization 
of  Se,  the  laser-induced  crystallization  and  the  diffraction  efficiency  of  thin  mixed  gra¬ 
tings.  The  holographic  recording  properties  of  SeGe  thin  films  will  also  be  presented. 

Introduction 


In  the  perspective  of  the  work,  real-time  holography  is  taken  in  its  less  restrictive 
sense  which  is  development -free  holography.  It  has  its  main  applications  in  non-destructive 
testing  and  in  optical  mass  data  storage,  its  main  advantages  being  cost  effectiveness, 
time  effectiveness  and  the  simplicity  of  the  process.  Of  course,  the  process  describded  by 
the  more  recent  and  more  restrictive  definition  which  involved  dynamical  gratings  has  a  lot 
of  advantages  and  applications  such  as  real-time  signal  processing,  phase  conjugation  and 
optical  dynamic  interconnection,  nevertheless  we  will  restrict  ourself  to  the  former  sense. 

The  optical  recording  media  that  will  be  used  efficiently  in  real-time  holography  have 
to  fulfill  a  number  of  requirements.  Amoung  them,  one  may  noticed  a  good  chemical  stabili¬ 
ty,  a  good  thermal  stability,  a  low  energy  consumption,  a  high  generated  optical  contrast,  a 
fast  recording  process  and  a  low  cost.  The  erasability  may  be  required  in  some  applications 
and  has  a  strong  importance  in  optical  data  storage.  For  erasable  media,  a  fast  recording 
process  is  needed  and  no  mechanical  deformation  should  occur  during  writing  or  erasing. 

First  demonstrated  by  Ovshinsky  and  his  group1,  the  laser  induced  reversible  phase 
transition  is  an  interesting  means  to  store  information,  since  it  has  the  possibility  of 
being  erasable.  The  standard  reversible  amorphous  to  crystalline  phase  transition  is 
schematized  in  Fig.  1.  An  intense  short  laser  pulse  is  used  to  melt  the  recording  media  in 
a  very  short  time  with  the  minimum  energy  possible.  The  fast  cooling  that  follow  freeze  the 
media  which  end  up  in  the  amorphous  phase.  The  crystalline  phase  is  obtained  by  the  illumi¬ 
nation  of  the  media  with  a  somewhat  longer  but  less  intense  laser  pulse.  The  intensity  of 
the  laser  should  be  at  a  level  such  that  the  temperature  of  the  media  is  just  above  the 
glass  temperature  transition  for  the  time,  governed  by  the  pulsewidth,  required  to  allow 
crystallization  to  occur.  This  process  has  the  advantages  of  being  erasable,  all  optical 
and  often  faster  than  other  erasable  scheme. 


AMORPHOUS 

I - 


The  purpose  of  the  work  presented  here  was  double.  First,  we  wish  to  investigate  the 
optical  recording  properties  of  SeGe  thin  films  and  second,  we  wish  to  understand  more 
deeply  all  the  aspects  of  the  recording  process.  The  choice  of  the  material  was  dieted  by 
the  fact  that  Se  has  been  found  to  be  a  good  recording  media^-1,  but  the  lifetime  of  the 
stored  information  is  too  short4  due  to  the  low  crystallization  activation  energy  (Ea)  of 
Se.  The  use  of  Ge  to  form  SeGe  alloys  is  investigated  as  a  means  to  overcome  this  problem. 

The  other  aspects  of  our  work  was  dedicted  to  the  identification  of  the  mechanisms 
involved  and  the  relative  importance  of  the  relevant  parameters.  The  evaluation  of  the 
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optical  recording  properties  along  with  the  modelling  of  the  recording  process  were  also 
part  of  that  work.  Although  holographic  recording  based  on  amorphisation  were  realized  in 
SeGe  thin  films^,  this  paper  will  focus  its  attention  on  the  crystallization  process. 

Physical  mechanisms  involved 
Laser- induced  temperature  profile 

The  photo-induced  phase  transition  is  more  a  thermally  induced  phase  transition  where 
the  laser  is  used  as  a  heat  source,  than  a  truely  optical  induced  process.  Thus,  the  evolu¬ 
tion  of  the  laser-induced  temperature  profile  is  an  important  process  to  understand.  The 
problem  is  schematised  in  Fig.  2,  it  is  assumed  to  be  an  unidimentional  problem  since  holo¬ 
graphic  recording  were  performed  in  SeGe  thin  films  with  spatial  frequency  up  to  600  1/mm 
without  degradation  of  the  diffraction  efficiency^  and  the  absorption  in  the  thin  film  is 
governed  by  the  Beer-Lambert ' s  law. 


Figure  2.  Laser-induced  temperature  pro¬ 
file. 


The  resolution  of  the  heat  diffusion  differen¬ 
tial  equation  with  Newton's  law  of  continuity 
at  the  interfaces  (see  equations  1)  has  been 
acheived  using  the  Green's  functions  method6. 

The  resulting  equations  have  been  used  to 
simulated  the  temperature  field  in  Se  thin 
films  deposited  on  glass  substrate.  A  typical 
results  is  shown  in  Fig.  3.  From  those  calcu¬ 
lations  it  is  clear  that  the  holographic 
recording  using  a  cw  laser  is  an  isothermal 
process.  It  is  also  evident  that  for  pulsed 
illumination  the  interfaces  conditions  affect 
mainly  the  cooling  behaviour. 


Figure  3.  Temperature  profile  in  200  nm  thick 
Se  film. 
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Kinetics  of  crystallization  of  Se 

The  kinetics  of  crystallization  may  be  successfully  described  by  the  empirical  equation 
of  Avrami  (equation  2. a)  combined  with  the  Arrhenius  law  (equation  2.b). 

r  =  1  -  exp(KtnA)  ,  (2. a) 

K  =  K0  exp( -Ea/RT)  ,  (2.b) 

where  r  is  the  crystalline  fraction,  K  is  the  reaction  rate,  nA  is  the  Avrami  exponent,  K0 
is  the  rate  constant,  Ea  is  the  crystallization  activation  energy,  R  is  the  universal  gaz 
constant  and  T  is  the  temperature  in  Kelvin.  For  an  isothermal  process,  the  logarithmic 

expression  of  that  equation  (equation  3)  leads  to  the  determination  of  the  Avrami  exponent 

nA  and  the  crystallization  activation  energy  Ea. 

ln(-ln(l-r))  =  ln(KQ )-( Ea/RT) +nAln( t )  ,  (3) 

Standard  differential  scanning  calorimeter  (DSC)  experiments  have  been  performed  on  the 
selenium  powder  used  in  our  work  and  it  was  found^  that  Ea  =  55.1  KJ/mol  and  nA  =  3.24. 

The  Fig.  4  shows  the  x-rays  diffraction  pattern  for  the  as-deposited  (a)  and  after 
annealing  in  an  oven  (b)  Se  thin  film,  from  that  figure  it  is  easy  to  conclude  that  the  as- 
deposited  film  were  amorphous  while  the  annealed  one  were  crystalline  showing  prefered 
growth  along  the  (100)  and  (101)  direction  of  the  hexagonal  structure. 


Figure  4.  X-rays  diffraction  pattern  of  (a)  as-deposited  thin  films  and 
(b)  after  annealing  at  constant  temperature  in  an  oven. 


The  DSC  experiments  were  inappropr iated  for  kinetics  study  of  thin  films.  Based  on  the 
approximations  that  the  optical  constants  n  and  k  vary  linearly  with  r  and  that  the  optical 
transmittance  vary  linearly  with  r,  a  very  low  intensity  optical  transmittance  technique  was 
developped  to  investigate  the  kinetics  of  crystallization  of  thin  films'.  Both  approxima¬ 
tions  were  found  to  be  valid  on  the  investigated  range  of  parameters  using  the  Maxwell- 
Garnett  theory  and  the  standard  thin  films  interference  calculations. 


ln(-ln(l-r))  vs  ln(t)  for  Se 
thin  film  held  at  10°C  during 
the  deposition  and  annealed  in 
an  oven  at  constant  temperature 
T. 


It  has  been  found  that  properties  of  Se  thin  films  (such  as  oxydation  speed)  depend 
strongly  on  deposition  conditions  (such  as  substrate  temperature).  Thus  a  detailed  study  of 
the  kinetics  of  crystallization  in  Se  thin  films  that  were  deposited  under  different  subs¬ 
trate  temperature  condition  was  realised.  Typical  results  are  shown  in  Fig.  5  and  a  summary 
of  these  results  is  presented  in  table  1.  One  may  notice  the  increase  of  Ea  with  the  tempe¬ 
rature  at  which  were  held  the  substrate  during  the  deposition. 


Substrate 

temperature 

O 

O 

O 

20  °C 

35  °C 

50  °C 

Average  value  of  nA 
for  annealing  at 

80,  90,  and  95  °C 

2.  2 

2.  3 

2.2 

2,  4 

Value  of  n^for 
annealing 
at  100  °C 

2.  7 

3.7 

3.8 

3.  8 

Activation  energy 

(kJmol  ') 

157 

167 

191 

245 

Table  1.  Kinetics  properties  of  Se 
thin  films  vs  substrate 
temperature  during  the 
deposition. 
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Figure  6.  (a)  Variation  of  optical  transmittance  of  Se  thin  films  for  X-ray  dif¬ 

fraction  analysis  experiment;  (b)-(d)  Patterns  of  X-ray  diffraction  analysis 
of  Se  thin  films;  (b)  I  =  250  mW/cm2,  t  =  1.5  min;  (c)  I  =  250  mW/cm2  ,  t  =  4  min; 

(d)  I  =  250  mW/cm2,  t  =  24  min. 
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Laser  annealing  was  also  performed  on  Se  thin  films®.  At  an  intensity  of  250  mW/cm^  at 
488  nm,  the  transmittance  of  the  laser  beam  decreases  for  a  period  of  4  minutes  and  then 
remains  fairly  constant  (see  Fig.  6. a).  X-ray  diffraction  patterns  were  taken  at  different 
steps  during  the  laser  annealing,  it  was  found  that  laser-induced  crystallization  was  the 
mechanism  responsible  for  the  variation  of  the  optical  transmittance.  It  was  also  noticed 
that  until  the  transmittance  reaches  it  final  value,  the  crystallization  occurs  along  the 
hexagonal  (100)  direction.  After  that,  several  peaks,  corresponding  to  different  crystal¬ 
line  orientation,  appear  on  the  x-ray  diffraction  pattern  (see  Fig.  6  b-d).  The  same  expe¬ 
riment  has  been  performed  on  Se^Ge.g,  the  crystallization  was  also  identified  as  a  (100) 
hexagonal  Se .  Opposite  to  Se,  no  other  crystalline  orientation  were  seen  for  long  laser 
exposure  time. 


Diffraction  efficiency  of  thin  mixed  gratings 


Generally,  the  diffraction  efficiency  of  thin  gratings  is  developped  in  two  specific 
situations:  the  phase  grating  and  the  amplitude  grating.  In  SeGe  thin  films  a  much  more 
realistic  description  will  involved  both  phase  and  amplitude  modulation  of  the  wavefront. 
The  transmission  Tr  through  the  thin  grating  is  described  by  equations  4. 

{  7  •  T  .  ..t  7 "  y  A  '>  \  *xp<  H*>  *  V  case  2-my/A )  ]  ).  (4) 

lo  n  )  a  i 

where  y  is  the  coordinate  parallel  to  the  grating  vector,  Tr^  are  constants  related  to  the 
real  part  of  the  transmission,  $j_  are  constants  describing  the  phase  content  of  the  trans¬ 
mission  and  A  is  the  step  of  the  grating.  Since  Fraunhofer  diffraction  may  be  described  by 
Fourier  transform,  one  may  use  the  convolution  theorem  to  obtain  the  the  diffraction  effi¬ 
ciency  of  the  grating®  (see  equation  5). 


(5) 


where  Jj_  are  Bessel  function  of  the  itn  order.  A  plot  of  the  diffraction  effiency  in  func¬ 
tion  of  the  phase  modulation  is  shown  m  Fig.  7.  In  the  even  more  realistic  description  of 
the  transmission  (see  equation  6),  the  first  order  diffraction  efficiency  is  thus  given  in 
equation  7,  where  I j_  are  modified  Bessel  functions  of  the  it'"1  order. 
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The  optical  recording  properties 


Holographic  recording  with  a  cw  laser 

Holographic  recording  were  performed  in  SeGe  thin  films  using  a  cw  Ar+  laser  at  488  nm8 . 
The  recording  angle  was  14°  and  the  reading  was  performed  at  Bragg  angle  with  a  HeNe  laser 
beam  (632.8  nm )  .  The  diffraction  efficiencies  vs  exposure  time  for  different  writing  beams 
intensities  in  Se  thin  films  are  plotted  in  Fig.  8.  As  expected,  a  higher  writing  beams 
intensity  results  in  a  faster  recording  process.  One  may  also  notice  the  presence  of  an 
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optimum  intensity  for  the  writing  beams, 
revealing  the  importance  of  the  crystalliza¬ 
tion  within  the  interfringes  spacing.  The 
measurement  of  the  MTF  of  Se  thin  filmswas 
also  been  performed  and  is  shown  in  Fig.  9. 
The  bandwidth  of  that  media  is  thus  estimated 
to  800  1/mm.  Fig.  10  to  12  show  the  diffrac¬ 
tion  efficiencies  vs  exposure  time  for  diffe¬ 
rent  writing  beams  intensities  .in  different 
alloys  of  SeGe .  As  the  Ge  concentration 
increase,  the  maximum  diffraction  efficiency 
decrease.  Nevertheless,  it  is  still  desira¬ 
ble  to  add  a  small  amount  of  Ge  to  allow 
crosslinking  of  Se  which  increase  the  stabi¬ 
lity  of  its  amorphous  phase. 


280  tnW/cm* 


-  200mW/cn 


Figure  8.  Diffraction  efficiency  vs  time, 

in  Se  thin  films  for  various 
writing  beams  intensities. 
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Figure  9. 
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Figure  10.  Diffraction  efficiency  vs  time, 
in  Seg^Geg  thin  films  for  various 
writing  beams  intensities. 
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Holographic  recording  based  on  amorphisation 


Holographic  as  well  as  bit-by-bit  recording  has  been  realised  in  SeGe  thin  films  using 
amorphisation  induced  by  a  short  laser  pulse^.  Fig.  13  shows  the  experimental  setup  for 
holographic  recording  and  Fig.  14  gives  a  typical  dependence  of  the  diffraction  efficiency 
vs  energy  density  of  the  writing  beams.  The  low  efficiency  approximation  of  the  diffraction 
efficiency  (  >7  -Ii/ID,  where  I ^  is  the  ith  order  of  diffraction)  has  been  used  to  determi¬ 
ne  Erasing  time  shorter  than  50  ns  has  been  demonstrated  in  those  media  using  the  bit- 
by-bit  recording  scheme. 
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Figure  13.  Experimental  setup. 
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Figure  14.  Diffraction  efficiency  vs  inci¬ 
dent  energy  density,  in  SecnGecn 
thin  films. 


The  influence  of  the  substrate  temperature  during  the  deposition 


As  it  has  been  mentionned  previously,  the  properties  of  the  thin  films  were  found  to  be 
very  dependent  on  the  deposition  conditions  such  as  substrate  temperature.  The  optical 
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Figure  16.  Diffraction  efficiency  vs  time, 
for  Se  thin  films  deposited  on 
substrates  held  at  different 
temperature. 
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constant  for  example  vary  considerably  with  the  temperature  at  which  were  held  the  substrate 
during  the  deposition  (Ts)^.  That  variation  is  presented  in  Fig.  15.  Fig.  16  shows  the 
evolution  of  the  diffraction  efficiency  with  exposure  time  for  Se  thin  films  deposited  at 
different  Ts.  TV  values  between  35°C  and  50°C  seem  to  be  the  optimal  deposition  condition. 
For  TS;60°C,  sublayer  of  crystalline  Se  are  formed. 

Conclusion 


Holographic  recording  were  realised  in  as-deposited  amorphous  SeGe  thin  films  by  means 
of  laser  induced  crystallization.  Deposition  conditions  has  been  identified  as  very  criti¬ 
cal  parameters.  Ts  was  an  example  of  that  dependence.  The  use  of  Ge  to  increase  the  stabi¬ 
lity  of  the  amorphous  phase  of  Se  thin  films  has  the  effect  of  lowering  the  maximum  value  of 
the  diffraction  efficiency. 
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REAL-TIME  PATTERN  RECOGNITION  USING  PHOTON-LIMITED  IMAGES 


G.  Michael  Morris 
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Rochester,  New  York  14627 


Abstract 

The  spatial  coordinates  of  detected  photoevents  in  a  given  area  convey  information  about  the  classical  irradiance  of  the 
input  scene.  In  this  paper  the  effectiveness  of  photon-counting  techniques  for  image  recognition  is  discussed.  A 
correlation  signal  is  obtained  by  cross  correlating  a  photon-limited  input  scene  with  a  classical  intensity  reference 
function  stored  in  computer  memory.  Laboratory  experiments  involving  matched  filtering,  rotation-invariant  image 
recognition,  and  image  classification  are  reported.  For  many  images  it  is  found  that  only  a  sparse  sampling  of  the  input 
is  required  to  obtain  accurate  recognition  decisions,  and  the  digital  processing  of  the  data  is  extremely  efficient.  Using 
available  photon-counting  detection  systems,  the  total  time  required  to  detect,  process,  and  make  a  recognition  decision 
is  typically  on  the  order  of  tens  of  milliseconds.  This  work  has  obvious  application  in  night  vision,  but  it  is  also  relevant 
to  areas  such  as  robot  vision,  vehicle  guidance,  radiological  and  nuclear  imaging,  and  recognition  of  spectral 
signatures. 

Often  input  scenes  contain  a  vast  amount  of  information,  which  tends  to  make  pattern-recognition  decisions  laborious 
and  time  consuming.  In  traditional  digital  pattern  recognition  methods,  one  digitizes  the  input  scene  using  a  two- 
dimensional  detector,  e.g.  a  solid-state  photodiode  array  and  a  frame  store.  If  the  detector  consists  of,  say,  a  1000  x 
1000  array  of  detection  elements,  then  one  has  to  process  a  million  points  of  data.  This  is  too  much  information  for  even 
very  large  computers  to  process  in  real  time,  so  one  generally  transforms  the  input  information  into  some  sort  of  feature- 
space  representation,  e.g.  through  the  use  of  edge-enhanced  images,  and  makes  the  recognition  decision  based  on 
this  reduced  data  set. 

We  are  investigating  an  alternative  approach  to  the  pattern  recognition  problem  in  which  low-light-level  (photon- 
limited)  images  are  processed  using  photon-correlation  methods1'3.  In  this  scheme  photoevents  are  detected  at  the 
maximum  rate  the  detection/computer  system  can  handle.  One  collects  photoevents  until  there  is  enough  information 
about  the  input  scene  to  achieve  an  acceptable  error  rate  for  the  given  recognition  task.  Our  studies  indicate  that  in 
many  cases  only  a  sparse  sampling  (a  small  number  of  detected  photoevents)  of  the  input  image  is  needed  for  accurate 
image  recognition;  hence,  the  time  needed  to  detect,  process,  and  make  a  recognition  decision  can  be  quite  short, 
typically  a  few  tens  of  milliseconds.  In  effect,  this  approach  to  pattern  recognition  lets  nature  randomly  sample 
(compress)  the  image  data  from  the  input  scene.  The  computer  collects  enough  information  (photoevents)  to  achieve 
the  required  error  rate  for  the  task,  then  makes  the  recognition  decision.  Key  features  of  the  method  include:  efficient 
data  compression  and  processing;  minimal  hardware  requirements;  and  operation  with  either  laser  or  natural 
illumination. 

A  schematic  of  the  two-dimensional,  photon-counting  detection  system  used  in  our  experiments  is  shown  in  Fig.  1 . 

An  incident  photon  ejects  an  electron  from  the  photocathode  via  the  photoelectric  effect.  The  ejected  electron,  e, 
impinges  on  a  stack  of  microchannel  plates,  which  produces  an  output  charge  packet,  G  e.  The  electron  gain  G  is 
approximately  ten  million.  The  resulting  charge  packet  is  distributed  to  four  electrodes  located  at  the  corners  of  a 
resistive  anode,  then  amplified  using  a  charge-sensitive  preamplifier.  Position-computing  electronics  (operational 
amplifiers)  are  used  to  calculate  the  location  of  the  centroid  of  the  charge  packet.  The  x  and  y  coordinates  of  the 
centroid  are  sent  to  the  computer  for  subsequent  processing  and/or  display. 

Resistive 


Fig,  1.  Schematic  diagram  of  a  resistive-anode,  photon-counting  detection  systrm. 


N=20M 


n=ik 


Fig.  2.  Images  of  engraved  portraits  obtained  using  a  two-dimensional,  photon-counting  detection  system:  first 
column,  portrait  of  George  Washington;  second  column,  Abraham  Lincoln;  third  column,  Andrew 
Jackson.  N  is  the  number  of  detected  photoevents  over  the  entire  image:  top  row,  N  =  20  million;  middle 
row.  N  =  4,000;  bottom  row.  N  =  1,000.  The  spatial  coordinates  of  each  detected  photoevent  are  digitized 
to  8-bit  accuracy. 

Images  obtained  using  the  photon-counting  detection  system  of  Fig.  1  are  shown  in  Fig.  2.  The  total  number  of 
detected  photoevents  in  each  image  is  indicated.  In  each  image  there  are  256  x  256  resolution  cells. 

'A  correlation  signal  is  formed  by  cross  correlating  a  photon-limited  input  scene  with  a  classical  intensity  reference 
function  stored  m  computer  memory.  Laboratory  experiments  involving  template  matching,  rotation-  and  scale-invariant 
image  recognition,  and  image  classification  have  been  performed.  The  performance  that  can  be  obtained  in  template 
matching  experiments  is  illustrated  by  ROC  curves  in  Fig.  3  The  curves  in  Fig.  3  are  based  on  experimental  values  of 
tne  mean  value  and  variance  of  the  correlation  signal  that  was  formed  using  the  image  of  Washington  (N=20  million 
photom/ents)  as  the  reference  function  and  photon-limited  input  images.  In  Fig.  3,  N  indicates  the  total  number  of 
photoevents  detected  in  the  input  image.  Notice  that  when  N  =  1000  (see  bottom  row  of  Fig.  2),  the  probability  of  error  in 
recognizing  Washington  is  only  1  in  100,000.  If  the  detector  is  operating  at  a  rate  of  100,000  counts  per  second,  the 
total  time  to  collect  and  process  the  data  is  10  milliseconds. 
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Fig  3.  ROC  curves  for  the  portraits  of  Washington  and  Lincoln  for  different  values  of  N. 

It  is  desirable,  of  course,  to  have  a  recognition  system  that  can  tolerate  variations  in  input  images,  which  are  not 
important  as  far  as  a  recognition  decision  is  concerned.  These  variations  can  be  divided  into  two  basic  categories: 
geometrical  distortions  of  the  image  (e.g.,  rotation,  scale,  and  position)  and  intrinsic  variations  of  the  image  (e.g., 
changes  in  illumination,  image  clutter,  and  object  occlusions).  One  could  approach  this  problem  by  using  multiplexed 
filters  in  which  a  separate  reference  function  (filter)  is  used  for  each  variation  of  the  input  object,  but  this  leads  to  a 
computationally  intense  system  design  that  is  difficult  to  implement. 

A  more  elegant  approach  to  the  problem  of  image  distortion  is  to  choose  a  reference  function  (filter)  that  produces  a 
correlation  signal  that  is  invariant  to  the  distortion  of  the  input  image.  The  theoretical  and  experimental  results  of  our 
studies  of  invariant  filtering  are  well  documented  in  the  literature.  We  have  been  quite  successful  in  designing  such 
filters  for  operation  in  the  low-light-level  correlation  system.  Rotation-invariant  filtering  using  circular-harmonic  filters4, 
rotation  and  scale  invariance  using  Fourier-Mellin  descriptors5,  and  image  classification6  have  all  been  demonstrated. 

Recently,  we  have  also  demonstrated  a  two-stage,  template-matching  procedure  using  photon-limited  images7.  In 
this  scheme  an  input  scene  is  searched  using  a  small  window  (reference)  function  that  is  moved  to  vanous  offsets  within 
the  input  scene.  The  cross-correlation  between  the  reference  function  and  the  input  scene  at  a  given  offset  is  estimated 
by  sampling  the  input  using  a  small  number  of  detected  photoevents.  The  photon-limited  correlation  signal  is  used  as  a 
similarity  criterion  for  comparing  the  input  with  the  reference  function.  In  the  first  stage,  a  small  number  of  detected 
photoevents  is  used  to  find  probable  locations  for  the  reference  function.  The  threshold  of  the  first  stage  is  set  to 
achieve  the  desired  probability  of  detection.  In  the  second  stage,  the  locations  identified  in  stage  one  are  examined 
using  a  threshold  and  number  of  photoevents  needed  to  obtain  the  required  probabilities  of  false  alarm  and  detection. 
Laboratory  experiments  have  been  conducted  using  a  variety  of  images:  simple  objects,  satellite  images,  and  objects 
(trucks  and  tanks)  contained  in  a  cluttered  background;  this  technique  appears  to  be  a  promising  method  for  correlation 
tracking  in  vehicle  guidance. 

In  summary,  we  have  found  that  a  sparse  statistical  sampling  of  an  input  image  is,  in  many  cas~-  Ticient  to  achieve 
accurate  results  for  automatic  target  recognition.  The  principle  is  similar  to  that  of  statistical  c  r  ,or  quality  control 

of  manufacturing  processes  or  for  election  polls,  i.e.,  accurate  measures  of  a  process  can  b*, _  _,ed  using  a  small 

number  of  statistical  samples.  As  a  result  of  the  sparse  sampling  and  simplicity  of  the  processing  (table  lookup  and 
addition),  the  time  needed  to  detect,  process,  and  make  recognition  decisions  can  be  quite  short,  typically,  in  tens  of 
milliseconds  or  less.  The  hardware  requirements  are  minimal  (the  processing  power  of  an  IBM  PC-AT  is  quite 
adequate).  Finally,  the  system  is  intensity  based,  therefore  scene  illumination  can  be  provided  by  either  laser  or  natural 
light  sources. 

This  work  was  supported  in  part  by  the  U.  S.  Army  Research  Office  and  the  New  York  State  Center  for  Advanced 
Optical  Technology. 
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Ab  s  t  r act 


A  number  of  optical  techniques  for  the  characterization  of  industrial  materials,  such  as 
polymers,  composites  and  ceramics,  will  be  discussed,  including  light  scattering,  thermo¬ 
elastic  and  thermographic  methods. 

Introduction 

Laser-based  imaging  techniques  1  are  receiving  an  increasing  amount  of  attention  for  the 
in-situ  characterization  of  industrial  materials  because  of  their  noncontact  and  noninva- 
sive  nature.  Such  characteristics  make  the  laser-based  approach  convenient  for  continuous 
quality  and  process  control  because  of  their  direct  applicability  to  products  which  may  be 
at  high  temperature,  of  difficult  access  or  continuously  moving  along  the  production  line. 
This  paper  reviews  recent  developments  at  the  Industrial  Materials  Research  Institute  on 
laser-based  characterization  techniques  including  laser-ultrasound  s u r f ace-acous t i c -wa ve 
(SAW)  velociraetry,  photo-thermal  methods  and  1 ig h t -s c a t t e r i ng  analysis. 

Polyblend  analysis  by  1 i gh t -s c a t t e r i ng  techniques 

The  great  majority  of  polymer  blends  are  immiscible  from  the  thermodynamic  standpoint 
and  may  be  conceptualized  in  terms  of  relatively  large  deformable  domains  (usually  in  the 
order  of  microns)  in  a  sea  or  matrix.  The  morphology  of  a  blend  may  be  changed  drama¬ 
tically  depending  on  the  processing  conditions  or  material  composition  employed.  Such 
changes  are  significant  since  the  size  and  shape  of  the  minor  component  is  very  important 
to  the  final  performance  of  the  product2.  It  is  evident  therefore  that  it  is  important  to 
develop  instruments  which  can  rapidly  analyze  a  polymer  blend  with  respect  to  particle  size 
and  shape . 

In  this  study  po 1 y c a r bo na t e / po 1 y p r opy 1 e ne  blends  were  prepared  to  yield  three  different 
levels  of  domain  size.  The  shape  of  the  dispersed  phase  was  maintained  spherical.  The 
three  preparations  may  be  denoted  as  blend  1,  blend  2  and  blend  3  in  order  of  decreasing 
domain  size,  as  shown  in  Fig.  I. 

A  number  of  optical  techniques  can  be  used  to  characterize  polymer  blends  3.  The 
noncontact  nature  and  in-situ  applicability  of  the  optical  techniques  make  them  quite 
attractive  for  in-plant  quality  and  process  control  applications.  A  substantial  amount  of 
work  has  been  done  in  the  field  of  small-angle  light  scattering  which  is  essentially  based 
on  angularly  scanning  the  Mi e -d i f f r ac 1 1  on  pattern  under  pol ar i zed -1 i gh t  conditions  (see 
Fig.  2).  The  applicability  of  such  an  approach  is,  however,  limited  to  relatively  thin 
films  or  very  low  second-phase  concentrations  in  order  to  avoid  multiple  scattering  effects 
which  would  smoothen  the  single-particle  angular  pattern  to  a  cosine-distributed  Lambertian 
angular  pattern.  Multiple  scattering  becomes  significant  at  extinction  values  (i.e. 
attenuation  of  the  undeviated  light  beam)  of  the  order  of  20%  1*.  At  such  relatively  low 
attenuation  levels,  small-angle  scattering  due  to  surface  roughness  is  normally  a  major 
source  of  angular  pattern  perturbation.  Such  a  noise  source  is  usually  eliminated  by 
placing  the  sample  between  flat  glass  plates  using  a  matching-index  liquid  to  avoid  reflec¬ 
tions  at  the  glass-sample  interfaces.  This  is  obviously  not  convenient  for  on-line  indus¬ 
trial  applications. 

A  more  powerful  approach  for  particle  diameter  evaluation  in  polydisperse  blends  is 
based  on  spectral  analysis.  If  the  light  wavelength  is  varied,  the  spectral  attenuation 
will  be  large  for  wavelengths  much  smaller  than  the  particle  diameter  and  small  for  wave¬ 
lengths  much  larger  than  the  particle  diameter,  as  shown  in  Fig.  3.  By  measuring  the  rela¬ 
tive  spectral  distribution  of  the  light  transmitted  through  a  polymer-blend  film  one  can 
thus  obtain  particle  size  information  Irrespectively  of  the  film  thickness  or  of  the  rela¬ 
tive  amount  of  the  two  s  parated  phases. 

When  the  spectra  of  these  polyblend  films  are  considered.  Fig.  4,  a  much  stronger 
attenuation  is  observed  at  low  wavelengths  because  of  scattering  by  the  dispersed  poly¬ 
carbonate  particles  (the  refractive  Indices  at  standard  conditions  of  polycarbonate,  1.59, 
and  polypropylene,  1.49,  are  sufficiently  different  to  produce  significant  reflections  at 


647 


the  partlcle-to-matrix  Interfaces).  As  we  can  see,  the  attenuation  range  is  gradually 
displaced  toward  longer  wavelengths  as  the  average  particle  diameter  increases,  corres¬ 
ponding  to  a  displacement  of  the  cutting  edge  of  the  extinction-ratio  curve.  Fig.  3.  Such 
spectra  can  thus  be  used  to  obtain  particle  size  information. 

Further  information  can  be  obtained  by  light  scattering  on  the  average  aspect  ratio  of 
the  second-phase  particles  present  on  the  blend.  Molten  flow  during  extrusion  or  molding 
often  results  in  a  certain  degree  of  directionality  for  the  minor  phase  depending  on  the 
hot  stretch  ratio  (HSR)  during  forming  (see  Fig.  3).  In  this  case,  three  sheets  of  10% 
poly  carbonate/ 90%  polypropylene  material  were  obtained  with  an  HSR  of  1,  5  and  10. A  respec¬ 
tively  for  the  three  ribbons  of  nearly  200,  100  and  70  pm  in  thickness.  Electron  micro¬ 
graphs  (longitudinal  sections)  of  ribbons  extruded  at  the  three  hot  stretch  ratios  are 
shown  in  Figure  3.  In  the  absence  of  stretching  (HSR  1),  there  is  a  combination  of 
spheres,  ellipsoids,  and  fibers  near  the  edge  of  the  film.  At  HSR  5  the  polycarbonate  is 
highly  extended  at  the  edge.  When  highly  stretched  at  an  HSR  of  10.4,  the  minor  phase  was 
in  a  highly  extended  fibrous  form. 

A  single- side  approach  was  developed  for  the  analysis  of  sheets  of  any  thickness  and 
with  little  dependence  on  the  surface  finish  conditions.  The  depth  of  the  material  below 
the  surface  which  can  be  probed  by  this  method  is  of  the  order  of  a  few  mm,  depending  on 
the  optical  penetration  depth  of  the  light  beam  in  the  polyblend  material.  The  basic  prin¬ 
ciple  is  Illustrated  in  Fig.  6  in  the  case  of  a  polvblend  containing  fiber-like  particles 
parallel  to  the  sheet  surface  and  oriented  in  a  direction  (a)  perpendicular  and  (b) 
parallel  to  the  plane  of  incidence  of  the  laser  beam.  It  can  be  understood  from  such  a 
diagram  that  the  incident  beam  is  preferentially  scattered  in  the  plane  0  perpendicular  to 
the  fiber  direction.  Moreover,  light  scattered  by  the  fibers  in  the  plane  p  parallel  to 
the  fiber  direction  will  hardly  be  intercepted  by  the  camera  aperture.  A  directional 
pattern  elongated  In  the  0  plane  is  thus  expected  when  the  illuminated  volume  is  imaged  by 
Che  camera. 

Fig.  7  shows  some  examples  of  the  pictures  seen  by  the  camera  in  the  case  of  the  above 
mentioned  PP/PC  ribbons  of  HSR=5  (Figs.  7a  and  7b)  and  H  S  R  =  1  (Figs.  7c  and  7d).  In  all 
cases  the  laser  beam  was  incident  from  Che  left,  at  45°  from  the  normal,  and  the  fiber-like 
particles  were  oriented  in  a  vertical  (a  and  c)  or  in  a  horizontal  direction  (b  and  d)  in 
the  plane  of  Fig.  7.  In  other  terms,  the  plane  of  incidence  of  Che  laser  beam  was  perpen¬ 
dicular  to  the  fiber  orientation  (direction  of  incident  beam  0=  45°,  ?=  0)  for  Figs.  7(a) 
and  7(c),  while  corresponding  to  the  <p  plane  containing  the  fiber  direction  (laser  beam  at 
o  =  0,  p  =  45°)  for  Figs.  7(b)  and  7(d).  The  elongation  of  the  scattered-light  pattern  in 
a  plane  perpendicular  to  the  fiber  orientation,  as  discussed  witti  reference  to  Fig.  6,  is 
evident  in  these  images. 

The  elongation  and  the  direction  of  orientation  of  the  particles  in  a  polyblend  material 
can  clearly  be  Inferred  by  an  analysis  of  pictures  of  the  kind  shown  in  Fig.  7.  It  should 
be  stressed  that  pictures  such  as  (a)  and  (b)  in  this  figure  should  be  identical  if  the 
material  were  Isotropic.  By  comparing  Figs.  7  a  and  b  with  c  and  d  we  can  see  that  the 
directionality  of  the  patterns  tends  to  disappear  as  the  HSR,  and  thus  the  aspect  ratio  of 
the  fiber-like  particles,  is  reduced. 


Thermographic  characterization  of  composite  materials 


When  no n t r a n s 1 u c e n t  materials  are  to  be  inspected,  such  as  graphite-fiber  filled  compo¬ 
site  materials,  light  scattering  methods  can  no  longer  be  used.  In  these  cases,  spot- 
heating  thermographic  methods  can  be  resorted  to  for  fiber  directionality  analysis.  A 
typical  configuration  is  shown  in  Fig.  8.  The  inspected  part  is  spot-heated  by  a  narrow 
laser  beam  or  other  point  heat  source,  and  the  heat-propagation  pattern  is  analyzed  by  an 
IR  camera.  If  the  material  is  oriented,  such  as  a  unidirectional  graphite-epoxy  sheet,  an 
elliptical  thermal  pattern  will  be  observed,  with  the  ratio  between  the  two  principal  axes 
(b/a)  being  related  to  the  square  root  of  the  thermal  d  i  f f u s i v i t  i  e s  in  the  longitudinal  and 
transverse  directions.  This  may  be  used  to  evaluate  the  orientation  of  extruded  or  molded 
parts,  or  the  relative  thermal  conductivities  of  the  filler  and  the  matrix  in  a  composite. 


Such  an  approach  was  Investigated  in  the  case  of  s t e e 1 -f i be r - f i l 1 ed  polypropylene  sheets 
with  different  steel  concentration  and  orientation.  Steel  fibers  nearly  1  mm  long  are 
incorporated  in  the  polymer  matrix  to  obtain  good  thermal  and  electrical  conductivities  for 
specific  applications.  Strong  anisotropy  may  affect  the  conductivity  properties  if  the 
fibers  are  not  randomly  oriented. 


Some  typical  results  obtained  with  black  painted  steel-polypropylene  sheets  spot-heated 
with  a  0.5  W  focused  laser  beam  for  30  s  and  observed  with  an  IR  camera  are  shown  in 
Fig.  9.  In  Fig.  9a  the  filler  Is  preferentially  oriented  in  the  vertical  direction;  Fig. 
9b  corresponds  to  nominally  random-orientation  samples.  The  filler  orientation  can  be 
clearly  evaluated  from  the  elliptic,  tty  of  the  thermal  pattern,  particularly  in  the  case  of 
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high  steel  concentration  where  f i be r - t o -f i be r  near-contacts  are  relatively  frequent.  Such 
patterns  could  be  used  to  evaluate  fiber  concentration  uniformity  and  local  anisotropy  by 
scanning  the  heating  beam  over  the  inspected  part.  This  technique  can  be  extended  to  a 
three-dimensional  fiber-orientation  evaluation  at  different  depths  below  the  surface5. 

The  basic  principle  of  our  approach  is  the  following.  If  a  laser  beam  is  focused  on  the 
surface  of  a  composite  sheet,  the  ellipticity  of  the  thermal  pattern  which  is  observable  by 
an  IR  camera  around  the  heated  spot  will  o«  determined  by  the  anisotropy  of  the  material 
situated  in  the  immediate  vicinity  of  th-  heated  spot.  As  the  thermal  front  propagates 
deeper  and  deeper  within  the  material  ,  the  appearance  of  the  pattern  will  be  affected  by 
successive  layers  situated  deeper  and  deeper  within  the  sample.  This  makes  it  possible  to 
obtain  three-dimensional  filler  orientation  information  on  the  inspected  sheet. 

The  capabilities  of  such  an  approach  are  illustrated  in  Fig.  10.  A  double  sheet 
composed  of  two  layers,  each  2  mm-thick  and  containing  (0°,  90°)  mutually  perpendicular 
fibers,  is  assumed  to  be  surface  heated  by  a  focused,  step-heating  source.  After  a  short 
heating  time  period,  t  ip,  where  i  is  the  sheet  thickness  and  a-p  its  transverse 
thermal  diffuslvity,  only  the  first  layer  interacts  with  the  heat  flow,  so  that  the  eccen¬ 
tricity  tends  to  the  square  root  of  the  assumed  value  2  of  the  ratio  between  the  longitu¬ 
dinal  ind  the  transverse  (i.e.,  in  the  plane  normal  to  the  fiber  direction)  thermal  conduc¬ 
tivities  in  the  composite  material.  The  eccentricity  which  is  referred  to  is  the  ratio  b/a 
between  the  principal  axes  of  the  isotherms.  The  lower  eccentricity  value  observed  at 
shorter  distances  from  the  heated  spot  (along  the  longitudinal  axis)  is  related  to  the 
presence  in  the  model  of  an  isotropic  surface  film,  nearly  200  um-thick  on  each  layer, 
representing  the?  average  thickness  of  polymeric  material  which  is  normally  encountered 
tbove  the  fibers.  4 1  longer  heating  periods  a  strong  eccentricity  is  still  visible  at  a 
ii stance  from  the  heated  spot  smaller  than  the  sheet  thickness.  At  larger  distances, 
however,  the  eccentricity  tends  toward  the  unity  value  which  is  expected  for  the  average 
pseudo-isotropic  properties  of  the  (0°,  90°)  sheet.  Consequently,  a  plot  of  the  eccentri¬ 
city  vs.  radial  distance  at  the  surface  of  an  unknown  sample  makes  it  possible  to  evaluate 
the  directional  properties  of  the  material  at  different  depths  below  the  surface. 

The  viability  of  this  basic  concept  was  verified  on  a  number  of  samples  comprising  two 
sheets  of  nominally  unidirectional,  2  mm-thick,  steel-polypropylene  samples  with  respec¬ 
tive!;/  !  )  •  and  15 %  steel  concentration  bonded  in  a  (0°,  90°)  configuration.  The  samples 
were  held  In  a  horizontal  plane  in  order  to  avoid  thermal-pattern  distortions  related  to 
i I r-con vec t i on  effects  above  the  nearly  0.5  mm -diameter  area  of  the  black-painted  sheet 
surface  heated  by  the  0.1  W  Argon  laser  beam.  Moreover,  time-domain  image-subtraction 
methods  before  and  after  heating  were  used  to  compensate  for  reflectivity  and  camera- 
response  non  uniformities  across  the  imaged  field. 

A  typical  plot  of  the  thermal-pattern  eccentricity  vs.  radial  distance,  as  obtained 
uncl-r  stationary  spot- heating  conditions,  is  shown  in  Fig.  11.  The  eccentricity  observed 
with  the  unidirectional  (single-sheet)  sample  assumes  a  relatively  constant  value  of  the 
order  of  1.2  typical  of  the  10%  steel  concentration.  The  lower  values  of  the  eccentricity 
a:  distances  closer  to  the  heating  spot  may  be  explained  in  part  by  the  existence  of  a  thin 
isotropic  layer  on  top  of  the  fibers,  and  in  part  by  the  finite  diameter  of  the  heating 
beam,  whose  effect  was  evaluated  to  an  error  of  4%  at  a  distance  equal  to  three  times  the 
h  e  a  t  i  ri  g  source  r  a  d  i  u  s  • 


’..’hen  a  second  sheet  of  perpendicular  orientation  is  bonded  on  the  bottom  of  the 
Inspected  sheet,  the  eccentricity  values  recorded  near  the  heated  spot  are  hardly  affected, 
while  the  values  far  from  the  center  gradually  drop  in  agreement  with  the  theoretical 
model.  Such  an  approach  thus  appears  to  provide  a  rough  evaluation  of  the  average  degi.ee 
of  fiber  orientation  at  different  depths  from  the  surface,  in  spite  of  the  strong  disper¬ 
sion  of  the  data  which  is  mainly  related  to  the  statistical  fluctuations  of  the  fiber 
distribution  within  Che  material. 

Laser-ultrasonic  characterization  of  materials 

Figure  12  shows  a  typical  setup  for  the  generation  and  detection  of  ultrasonic  waves. 
Elastic  waves  are  generated  in  a  laser-irradiated  opaque  material  both  because  of  thermo- 
elastic -stress  mechanisms.  The  transient  streso  field  produced  near  the  surface  by  the 
heating  beam  generates  longitudinal,  transverse  and  surface  acoustic  waves,  each  with 
characteristic  directivity  patterns. 

Surface- acoustic-waves  (SAW’s)  are  particularly  convenient  for  the  detection  of  open- 
surface  cracks  or  near-surface  defects,  as  well  as  for  materials  characterization  by 
acoustic -wave  velocity  and  attenuation  measurement  with  one-side  access  to  the  workpiece. 
Such  waves  may  be  focus  fid  by  suitably  shaping  the  laser-irradiated  area  to  obtain  a  conve¬ 
nient  directivity  pattern. 


649 


A  particularly  simple  apparatus  for  laser  generation  and  detection  of  focused  SAW's  Is 
shown  in  figure  13.  A  multimode  Nd:YAG  laser,  giving  typically  15  ns,  0.1  J  pulses,  is 
expanded  by  a  Galilean  telescope  and  focused  through  a  negative  axicon  on  the  surface  of 
the  sample,  where  it  produces  typically  a  15  mm  diameter,  0.2  mm  wide  annulus.  The 
diameter  of  the  annulus  can  be  varied  by  displacing  the  axicon  longitudinally.  The 
telescope  decreases  the  beam  divergence  by  an  amount  equal  to  its  magnification.  This 
results  in  a  sharp  annulus  even  with  a  multimode  laser  source. 

The  ultrasonic  pulse  can  be  detected  on  the  center  of  convergence  of  the  ring-shaped 
wave  by  a  noncontact  optical  probe.  A  number  of  optical  techniques  can  be  used  to  probe 
acoustic  waves,  including  knife-edge,  diffraction,  as  well  as  position-sensing  and 
velocity -sensing  interferometers.  In  our  experiments,  a  position-sensing  Michelson  inter¬ 
ferometer  was  used  with  a  sensitivity  of  0.02  nra  in  a  30  MHz  bandwidth  when  precisely 
focused  on  the  surface. 

Laser-generated  ultrasound  can  be  applied  to  a  variety  of  industrial  metrology  tasks, 
such  as  surface  crack  detection  or  the  detection  of  subsurface  de 1  am i na t i ons An  applica¬ 
tion  to  coating  thickness  evaluation  by  ultrasonic  velocimetry  will  now  be  described. 

It  is  well  known  that  materials  coated  with  layers  of  different  acoustic  properties  are 
frequency-dispersive  when  the  acoustic  wavelength  is  of  the  same  order  of  magnitude  as  the 
coating  thickness.  The  thickness  or  the  acoustic  properties  of  the  coating  layer  can  thus 
be  evaluated  by  measuring  the  surface  wave  velocity  at  different  frequencies.  Noncontact, 
single-shot  probing  of  1  a s e r -ge ne r a t ed  surface  waves  for  such  an  application  is  an  attrac¬ 
tive  possibility. 

Some  typical  waveforms  obtained  at  the  centre  of  the  laser-generated  converging  wave  on 
electroplated  copper  samples  with  different  coating  thicknesses  are  shown  in  Fig.  14.  The 
dispersive  effect  of  the  coating  becomes  increasingly  evident  as  the  coating  thickness  is 
Increased.  The  temporal  delay  of  the  high-frequency  components  with  respect  to  the  low- 
frequency  main  pulse  in  the  Ag-plated  sample  is  apparent  in  Fig.  14c  while  in  he  thick 
Cr-plated  sample,  Fig.  14f,  the  high  frequencies  precede  the  main  pulse.  This  was  expected 
because  the  short  wavelengths  tend  to  propagate  mainly  within  the  coating  which  has  an 
acoustic  velocity  lower  than  the  substrate  in  the  case  of  the  Ag-plated  sample,  and  higher 
than  the  substrate  in  the  case  of  the  Cr-plated  samples.  Coating-thickness  evaluation  can 
be  performed  from  such  waveforms  by  flight-time  measurements,  but  better  sensitivity  can  be 
obtained  by  time-resolved  spectroscopic  techniques. 

Conclusion 


Laser-based  techniques  are  an  attractive  approach  for  the  characterization  of  industrial 
materials.  A  few  laser-based  techniques  coupled  to  either  light-scattering,  thermographic 
or  ultrasonic  methodologies  have  been  described  in  this  paper.  The  main  interest  of  these 
techniques  is  their  noncontact  nature,  making  then  a  potential  candidate  for  on-line 
inspection  tasks. 
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Fig.  9:  Thermal  patterns  obtained  with  steel- 

polypropylene  sheets  with  fiber  concentration 
in  weight  of  12  percent,  either  linearly 
oriented  (a)  or  randomly  oriented  (b).  The 
image  areas  are  typically  5  by  5  era. 


Figure  10:  Finite-difference  simulation 
of  the  surface-pattern  ellipticity  in  a 
double  sheet  containing  mutually  perpendi¬ 
cular  fibers,  as  a  function  of  the  radial 
distance  from  the  heated  spot. 
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Fig.  It:  Experimental  plots  of  thermal- 
pattern  eccentricity  vs.  radial  distance  as 
obtained  on  a  unidirectional  single-sheet 
and  on  a  (0°,  90°)  double-sheet  steel- 

polypropylene  sample. 


Fig.  12:  Laser  generation  and  detection 

of  ultrasonic  waves. 


LASER  ILLUMINATED  HIGH  SPEED  PHOTOGRAPHY  OF  ENERGETIC  MATERIALS 
AND  COMPONENTS  WITH  A  COPPER  VAPOR  LASER 
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Abstract 

3ecause  components  containing  energetic  materials  function  in  a  rapid  and  often  violent  manner, 
specialized  diagnostics  are  required  to  study  these  events.  Laser  illuminated  high  speed  photography 
has  recently  been  used  to  record  the  functioning  of  these  devices.  A  copper  vapor  laser  capable  of 
producing  pulse  rates  of  up  to  10,000  pulses  per  second  has  been  synchronized  with  a  high  speed  film 
camera  to  record  multiple  laser  illuminated  images  of  the  functioning  component.  This  type  of 
photography  allows  us  to  distinguish  between  hot  particles  and  cold  particles,  measure  burn  rates, 
detect  the  effect  of  composition  changes  on  performance,  and  observe  the  effect  of  design  changes. 
Recent  examples  of  the  application  of  this  technique  are  discussed. 

Introduction 

The  evaluation  of  the  functioning  of  devices  containing  energetic  materials  is  of  primary 
importance  in  determining  the  effect  of  design  or  composition  changes.  Laser  illuminated  high  speed 
photography  using  a  copper  vapor  laser  has  recently  been  applied  to  this  type  of  evaluation.  The  laser 
is  capable  of  operating  at  10,000  Hz,  but  is  operated  at  6,000  Hz  for  most  applications.  At  this  pulse 
rate  the  laser  has  an  average  power  of  30  W.  3ecause  the  30  ns  pulse  width  of  the  laser  essentially 
freezes  all  motion  of  the  functioning  component,  it  provides  detailed  images  that  were  never  before 
possible.  The  peak  power  of  each  laser  pulse  is  approximately  170,000  W  which  provides  ample 
illumination  for  the  photography.  Recent  examples  of  the  application  of  this  technique  to  two  types  of 
igniters  will  be  presented. 

Experimental 

The  optical  arrangement  used  to  film  the  igniters  is  shown  in  Figure  1.  The  laser  beam  is 


Figure  1  -  Optics  for  high  speed  filming  of  components. 


EG4G  Mound  Applied  Technologies  is  operated  for  the  U.  S.  Department  of  Energy  under  Contract 
DE-ACQ4-88DP43495 . 
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»  tr.ir.  •••  using  i  apheri  ;.U-oylindrical  lens  combination  to  illuminate  the  space  above 
pen:  •>!’  t  ne  component.  After  the  sheet  passes  across  the  component,  a  portion  of  it  is  captured 
r.  >  r  i  gh:  ingle  prism  an!  reflected  back  around  to  illuminate  the  body  of  the  component.  This 
ti'ular  type  of  i  1 1  unirat  ion  Is  particularly  useful  in  filming  such  components.  In  an  orientation 

1  a  I  ;r  to  t:;e  I  »?•>;’  sheet,  the  camera  records  the  component  and  a  field  of  view  of  approximately 
is.'vc  it.  The  light  scattering  (Mi-»  scattering)  from  the  smoke  and  particulates  illuminated  by 
1  is- ■■  s  provides  i  ur;  luc  view  of  the  internal  structure  (a  cross-sectional  view)  of  the  igniter 


Tiring  experiment,  to.e  camera  drives  the  laser  with  an  appropriate  delay  that  is  set  to  a 
?•■■■  determine  d  v\lue  depending  or.  the  camera  speed.  This  ensures  that  when  the  laser  pulse  is  at  the 
exp-.’'  i  :v-r.r  ,1  point,  the  c  tr.era  shutter  is  open  and  the  laser  illuminated  image  is  recorded.  The  shutter 
is  .'per  only  for  a  few  microseconds,  requiring  that  the  timing  he  quite  precise.  The  camera  is  a 
•  '  prism  type  that  provides  one  trigger  pulse  to  the  laser  per  frame  of  high  speed  film.  When  an 

eight-side:  prism  is  used  in  this  camera,  full  frame  images  are  recorded.  For  this  work  a  16-sided 
p-'ism  wts  used,  and  two  images  were  recorded  per  frame.  Since  only  one  trigger  pulse  is  provided  per 
fra;-.:,  ore  imago  per  frame  is  laser  illuminated,  the  other  image  is  not.  This  provides  a  direct 
comparison  between  laser-  and  nonlaser-illuminated  images.  Sucn  a  comparison  is  extremely  useful  in 
distinguishing  between  hot  and  cold  particles  and  for  observing  condensed  phases  versus  gaseous 
spec: es . 

Resul  ts 

The  results  from  several  different  types  of  experiments  on  igniters  were  presented  at  the 
conference  on  a  videotape  that  was  made  by  transferring  images  from  the  high  speed  films  to  video  by  a 
sp-’oial  process .  Examples  of  two  different  igniters  taken  frorr,  the  films  are  shown  in  Figures  2  and  3. 


Figure  2  -  Igniter  with  glass-ceramic  closure  cis*.  Figure  3  -  Igniter  with  metal  closure  disk. 

Imago  is  laser  illuminated.  No  self  illuminated  image  Right  image  is  laser  illuminated.  Left  image 

could  be  recorded.  is  from  self  illumination. 


T  r-se  two  figures  show  the  igniters  fired  on  the  bench  top  at  ambient  pressure.  The  powder  loads  in  the 
two  igniters  were  similar,  hut  they  had  different  closure  disk  assemblies.  The  igniter  in  Figure  2  had 
1  gl  iss-cerani  :  closure  disk,  whereas  the  igniter  in  Figure  3  had  a  scored  metal  closure  disk.  The 
figures  clearly  show  the  effect  of  changing  the  closure  disk  assembly.  The  metal  closure  provided 
greater  confinement  for  tne  burning  of  the  energetic  materials,  and  as  a  consequence  the  device  produced 
a  higher  pressure  ar.d  flame  temperature  and  functioned  approximately  three  times  more  rapidly. 
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fired  under  confinement  in  a  plastic  block. 


An  example  of  this  is 


T 


Figure  A  -  Igniter  from  Figure  2  fired  under  confinement.  Image  is  a 
combination  of  laser  and  self  illumination. 


gniter  used  for  this  experiment  was  the  same  igniter  shown  in  Figure  2.  As  would  be  expected,  the 
er  functioned  much  more  rapidly  when  it  was  confined.  When  the  igniter  shown  in  Figure  3  was  fired 
similar-  cor.f  i  nen.ent ,  there  wa«  considerable  self-illumination  that  tended  to  obscure  the 
graphic  record.  Recent  filming  of  this  igniter  using  a  very  narrow  band  (1  run)  interference  filter 
promise  for  examining  the  igniter  flames  when  they  are  fired  under  confinement. 


Conclusion 


The  value  of  the  copper  vapor  laser  to  illuminate  and  photograph  the  functioning  of  components 
contain  energetic  materials  has  clearly  been  demonstrated.  The  dramatic  effect  of  changing  the 
re  assembly  on  an  igniter  could  readily  be  observed.  The  function  time  for  the  two  igniters  could 
termi.ned  di-ectly  from  the  film.  The  structure  of  the  flames  from  the  components  is  clearly 
1=  and  should  be  helpful  in  modeling  these  reactions.  3y  comparing  the  laser-illuminated  image  to 
mag"  that  is  self-illuminated,  information  on  the  character  of  the  flame  can  be  determined.  The 
renee  between  hot  and  cold  particles,  for  example,  was  clearly  visible. 
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THE  INTENSITY  DISTRIBUTION  OF  LIGHT  SCATTERED  FROM  A  RANDOM  SOLID 
MEDIUM  WITH  STATIC  SPATIAL  FLUCTUATIONS  IN  THE  SCATTERER  DENSITY 

by  M .  Kazmierczak  and  T.  Keyes 

Department  of  Chemistry,  Boston  University,  Boston,  MA  02215 

Laser  light  propagation  in  a  random  solid  medium  of  a  finite  size  gives 
rise  to  scattering  speckle  patterns.  Their  statistical  properties  are  well 
known.  However,  little  attention  has  been  paid  to  the  statistical  descrip¬ 
tion  of  the  angularly  resolved  laser  speckles.  It  has  recently  been  shown 
that  the  angular  speckle  obtained  from  a  finite  size  random  system  can  be 
analyzed  within  the  framework  of  existing  statistical  theories  but  only  in 
a  specific  range  of  scattering  angles.  It  is  thus  our  task  to  investigate 
the  scattering  intensity  distribution  beyond  this  range.  The  scattering 
volume  is  partitioned  into  constant  phase  slabs  occupied  by  scatterers  at 
a  density  which  changes  from  slab  to  slab.  These  static  spatial  fluctuations 
are  assumed  to  be  Poissonian.  This  model  enables  us  to  derive  the  distri¬ 
bution  of  the  scattered  electric  field  which  is  represented  by  the  Edgeworth 
series  witn  skewed  Gaussian  leading  term.  Next,  we  obtain  the  cumulative 
distribution  of  the  intensity  as  a  function  of  scattering  angle.  The  theore¬ 
tical  results  are  discussed  in  conjunction  with  data  obtained  from  numerical 
simulations. 


Light  scattering  from  solid,  optically  transparent  materials  has  recently  become  a  sub¬ 
ject  of  a  great  interest.  Some  materials  of  this  type  (e.g.  glasses,  glass-ceramics),  due 
to  their  inherent  structural  randomness,  uniquely  scatter  light,  giving  rise  to  patterns 
represented  by  randim  fluctuations  of  scattered  intensity.  These  patterns,  known  as  laser- 
speckle,  are  generated  as  a  consequence  of  scattering  of  a  light  beam  travelling  through 
the  medium  by  scatterers  placed  more  or  less  randomly  in  it.  Thus,  the  structure  of  the 
speckle  pattern  reflects  the  type  of  the  spatial  distribution  of  scatterers  as  well  as 
their  optical  properties.  The  speckle  pattern  has  been  shown  to  be  extremely  sensitive  to 
any  kind  of  order  which  may  occur  in  a  sample.  I-'' 

Speckle  patterns  can  be  obtained  at  fixed  detector  position  by  moving  a  sample  perpendi¬ 
cularly  with  respect  to  the  propagation  direction  of  an  incident  light  and  measuring  scatte 
red  intensity  at  each  sample  location.  Plotting  the  intensities  versus  sample  position  will 
result  in  a  typical  speckle  pattern  with  characteristic  rapid  intensity  fluctuations. 
Similar  pattern  can  also  be  produced  by  plotting  the  intensities  measured  at  various  scatte 
ring  angles. 

In  spite  of  the  vast  literature  concerning  aspects  of  laser  speckle,  little  attention 
has  been  paid  to  angularly  resolved  speckle  patterns  or  the  dependence  of  speckle  proper¬ 
ties  on  scattering  angle.  The  latter  has  been  shown  to  have  a  considerable  impact  on  the 
quantities  that  are  applied  in  an  analysis  of  speckle  patterns. Also,  the  scattered 
intensity  distribution  has  been  shown  to  vary  with  a  scattering  angle.  For  large  scattering 
angles  this  distribution  obeys  negative  exponential  statistics,  provided  that  only  sigle 
scattering  is  present.  At  small  angles,  the  intensity  distribution  wfll  decay  non-exponen¬ 
tial  ly  . 

Conditions  that  lead  to  a  non-exponential  distribution  of  intensity  have  been  discussed 
by  many  au t ho r s 2 < 5 , 6 . 8  who  have  emphasized  the  role  of  a  nonuniform  distribution  of  phases 
associated  with  elementary  scattered  waves.  We  have  recently  analyzed  the  problem  of  the 
phase  distribution  in  the  context  of  its  dependence  on  the  scattering  angle.  °  We  were  able 
to  derive  exact  formulas  which  allowed  us  to  keep  track  of  the  transition  of  phase  distri¬ 
bution  from  its  (nearly)  uniform  to  nonuniform  regime  with  scattering  angle.  The  transition 
angle,  named  the  critical  angle  Qc,  appeared  to  be  dependent  on  the  linear  dimensions  of 
the  scattering  volume,  the  number  of  particles  active  in  the  scattering  process,  and  an 
incident  wavelength.  Only  those  intensities  which  have  been  scanned  at  angles  Q  >  fj  obey 
exponential  statistics. 

In  the  following  we  attempt  to  analyze  the  form  of  a  joint  distribution  function  for 
the  real  and  imaginary  components  of  the  scattered  electric  field  which  is  expected  to  be 

Let  us  assume  that  the  scattering  volume  is  divided  into  slabs  and 
imaginary, E^,  components  of  the  field  that  is  due  to  scattering  from  a 
single  slab  containing  N  scatterers,  each  of  a  size  smaller  than  the  incident  wavelength 
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whore  is  the  amplitude  of  an  elementary  electric  field  scattered  by  ith  scatterer ,  and 

t  ( 9 ) ,  f , ( if )  .ire  real  and  Imaginary  components  of  the  phase  function,  respectively. 

1  Hie  c  n a  r a  c  t  e  r  i  s  t  i  c  function  can  be  expressed  for  a  single  slab  in  the  following  form 


' (  N  }  (  K  j  ,  K  ,  )  = 


d^d E  p  (V" )  P  (  E  )  e xp  [ i  (  K  E *  + 

O  o  u  ll 


,4')] 


(2) 


where  p  t  F.  )  and  p  (V )  are  distribution  densities  of  field  amplitude  and  phase,  respectively. 

it  is  possible  to  determine  the  characteristic  function  for  the  total  electric  field  that 
eoerses  from  the  scattering  volume  provided  that  the  nature  of  fluctuations  in  F '  ' ( K j , K 2 ) 

over  tiie  slabs  is  known,  these  fluctuations  are  caused  by  spatial  distributions  of  scatte¬ 
rer  s  (which  introduce  different  optical  paths  in  different  slabs)  as  well  as  by  the  number 
of  scatterers  which  vary  from  slab  to  slab.  U'e  assume  that  this  number  is  governed  by  a 
Poisson  distribution.  Then  the  total  characteristic  function  is  given  by  the  series 


FlKj ,K0) 


<;x>N/NUe  <X,>F(N)(K 


(3) 


where  \  N  /  stands  for  the  average  number  of 
E  q  .  (  3  )  ,  and  using  E q  s (  1  a , b )  we  obtain 


(  K  .  ,  k' 


Z3n'VS,>”-  's>f  '/Jr'l-0i*(t0)p('r')«*i'tiE0CK,f  J  -r  K2i2)ij 


l-*a; 


In  the  derivation  of  E  q  .  (  4  a )  we  have  assumed  the  complete  statistical  independence  (incohe¬ 
rence)  of  elementary  fields.  These  add  to  produce  the  fields  Ej  and  E  2  .  It  is  easy  to  obser¬ 
ve  that  if  the  number  of  scatterers  is  large  then  the  right-hand  side  of  E  q  .  (  4  a )  can  be 
approximated  by  an  exponential  function 


'  ( K  ,  K? )  =  e  xp  j 


_  /  V  \  + 

vV  + 


dfdEop  (Eq)  p  (*)  exp  [iEQ  (Kj  f  !  (<r  )  +  K2f.;(<p)]j  (4b) 


The  joint  probability  density  tor  tne  total  fields  E  ^  and  E  2  can  be  calculated  by  taking 
the  Fourier  transform  of  the  function  (4 1>) 

P  ( E  j  ,  E  2  )  =  (4'7C2)  1jdK1dK0exp[-i(KjE]  +  K E  2  )]  F  ( K  ^  ,  k  7  ) 

Let  us  expand  the  exponential  function  in  the  integrand  of  Eq.(4b) 


exp  [iEo(Kjf  ,  (tf)  +  K2f2(l/))]  =Z _ ,(lEoK1)mi/m1  !  (iEoK2)mi/m2  !  f™1 


m  j  m  2 


Then  the  integral  in  Eq(4b)  reads 

/d^dEop(Eo)p(«P)exp  [iEo(K1f1  +  K^)] 
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i i K . ) m 1 / m t  !  (iK9)m2/m2 !M 
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m  x  m  2 

where  the  joint  amplitude-phase  average  is  defined  as  follows 


M  =  <N>/dVdE  p(E  )p(V:)Em,+  m2f“‘  (V)f™2  ((p) 
m  i  m  2  x  '  f  o  o  o  1  l 
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It  is  worthwhile  to  note  that  according  to  the  tL've  definition  we  have 

M00  =  <N>;  M10  =  <E1>:  M01  =<E2> 

Using  F.qs(6)-(9)  in  E  q .  ( 5 )  results  in  the  expression 

P(Ej,E2)  =  (47C2)"1  /dKjdK2exp  [-KKjAEj  +  K2AE2)] 

•  exp|-!2K^M20  -  ‘-iK2M02  -  exp(S) 

whe  re 

AEi  =  Ej  - 

AE2  =  e2  -  <E2> 

denote  the  fluctuation  in  the  fields  E  ^  and  E  2  ,  and 
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Thus*  E  q  s  (  9  1  and  (12)  produce  five  independent  integrals  with  an  extremely  complicated 
structure.  The  calculation  of  the  joint  probability  is  st  raight  forward  but  tedious  and 
yields  the  result 


w  here 


rnq.E.,)  =  (27lMlj)  hxpl-CAEpiQ.,  -  2iF.1iE2M1]  +  AE2M2())/2m! 
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The  parameters  A.B  and  C  can  be  expressed  by  the  following  series,  involving  powers  of  the 
scattered  field  fluctuations  and  the  averages  given  by  Eq.(8) 

<- - , 
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(15b) 

v  here 

U  =  [ U ( A  E  2  M  j  j  -  AEjM^)]'1 

U  =  (AE2Mn  -  AElM02)/M; 

(16a) 

I-  =  <iElMU  -  *E2M20)/M; 

L  =  [UAEjMjj  -  AE2M20l]_1 

(16b) 

The  parameter  B  can  be  obtained  by  replacing  U  and  U  in  Eq(15a)  by  L  and  L,  respectively. 
The  contribution  of  A,  B  and  C  to  IME^.E^)  can  be  analyzed  with  respect  to  their  dependence 
on  .  Since  and  <^N,>-  wnile  iT  and  £  have  a  very  weak  dependence  on<_N>,  then 

the  terms  in  the  series  A  and  B  vary  as  <^N)>  .  Analogously,  the  series  C  contains  <.  N  ✓  in 

power  ( 1 +s , -m ^ +s 2 ) •  Hence,  the  powers  of  <N>  appearing  in  all  three  series  indicate  that 
the  contribution  they  make  to  P  (  E  ^  ,  E  2  )  decreases  as  ^  S}  increases.  The  series  remainder  R 
(which  corresponds  to  the  term  R  in  E  q  .  (  1  2  )  )  decays  much  faster  with  (N)  than  A,  B  or  C. 

If  we  assume,  as  we  did  before,  that  the  number  \ N is  large  then  all  the  series  can  be 
completely  ignored.  The  probability  density  P(Ej,E2)  becomes  the  bivariate  normal  distribu¬ 
tion 

P(E1,E2)  =  ( 2XM5  )-1expf-(AEjMQ2  -  2AE1AE2MU  +  AE2M2())/2M.-  (17) 

In  order  to  proceed  with  the  analysis  we  must  specify  the  parameter  M  as  well  as  the 
mean  fields  <E,>  and  ^  F,,).  The  latter  are  negligible  at  angles  G  /  '?  ,  i.e.  in  the  case  of  a 
fully  developed  laser  speckle.  However,  if  the  scattering  experiment  is  carried  out  at 
Q  <  Q  then  both  and  <E27  d i f f e r  from  zero  due  to  some  phase  coherence  in  the  scatte¬ 

red  light.  Thus,  one  is  able  to  observe  at  G  the  transition  of  P  ( E  ^  ,  E  2  )  from  a  Gaussian  to 
d  normal  distribution  provided  that  number  of  scatterers  is  large  enough. 

Since  below  Q  both  ^  E  j  and  ^  E  2  ^  depend  on  the  scattering  angle  fe  then  their  determi¬ 
nation  bv  Eqs(8)  and  (9)  requires  tne  knowledge  of  the  relevant  phase  probability  density 
p  (<p)  =  p((p(6)).  We  have  recently  derived  such  a  distribution  for  a  cylindrical  scattering 

volume  of  base  radius  r  and  height  1  illuminated  by  a  laser  beam  if  wavelength  J.® .  We  were 
thus  able  to  calculate  ^  E  j  and  ^E2^>  for  arbitrary  angle 

<Ej>=  2<sXEo>jo(M-)J1W1)71  (18a) 

<  E 2 7  =  <>iXE0>^j0(,5AV)J1  (^)CtT1  H8b) 
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w  here 


(  y  1  and  J  ^  (x  )  are  Bessel  functions,  and 


C  27T/  A )  r s  in  0 


W  =  (A/l/A)  lsin"  (£?/2) 


(19) 


.1  1  : 


a  n 


d  numerically  the  parameter  >1  which  appeared  to  be  independent  of  M 


b  e  x 


«  m^o=moa ; 
derived  t  n  e  1  . 


1  i 


n  a  v  e 
a  u  s  e 

Having  derive  ....  , - —  .... 

ward  to  calculate  the  probability  density  for  the  scattered  Intensity.  l\’e  replace  E  ^ 

1  a  F  q  .  (.171  b  y  ^T1  c  o  s Cj>  and  y"P  s  i  n respectively,  where  (J 5  d e  n  o  t  e  s  the  overall  phase  o  f  the 
scat  ter  e  d  electric  field.  Integration  over  Cp  results  in  the  intensity  probability  density 
expressed  b v  the  Rice  distribution  that  is  the  function  of  the  scattering  angle 


nee,  M-<iI>/2  where  ^1^  stands  for  the  mean  scattered  intensity 
int  probability  density  for  E ,  and  E ,  Eq  .  (17),  it  is  straight  for- 

Intensity.  We  replace  E,  a  n  d  K ,, 


P  (  I )  =  ^I\ 


-  i 


■> 


e x p  \  -  (  I  I  ^  (  2cr  I  J ) 


(20) 


u i f i c  d  Bessel  function, 


and 


:  i v  e  n  b  v  the  formula 


a 


2Jp  1^/2) 


Cli 


F-q  ■  ( 
rins 
fa  r  i  n 
c  a  r  r 
1  u  ~  e 
but  i 
a  e  c  r 
o  r  t!  o 
C 

1  a 


At1)  also  provides  an  insight  into  the  role  of  the  proper  choice  of  t  fa.  ?  ancle  in  scatte- 
experirents.  Thus,  an  experiment  at  a  certain  a  no,  te  with  a  riven  scatteri:,  vnlune  nay 
c  intensities  that  are  distributed  in  s  one  particular  canrer.  If  the  next  exper  i,  o- .  > « 
let1  out  under  the  sane  conditions  and  with  an  identical  material  but  the  scattering  ve¬ 
ts  ot  different  linear  dimensions  then  the  intensities  obtained  nay  obey  a  new  distri- 
on.  The  chancre  in  scatterin'!  volume  resuits  in  a  change  in  the  critical  ancle  £7  ; 
eat  in c  this  volume  increases  Q  .  Therefore,  one  has  to  chan Re  the  observation  any.  le  in 
r  to  yet  the  intensity  distribution  matching  that  of  the  first  experiment. 

umulative  intensity  distribution  can  be  calculated  using  Eq.(20)  in  the  following  formu- 


cc 


P  (  f  >  I  o  )  =  dIP(I) 

‘r 


(22) 


w h i c  h  yields 


P  (  : 


// 


V 


exp . - ( l 


+  <x7 


■)/<T 


(2  3) 


( n  ! 


)'l(;x>-7/'i;)  V 


'  \7 


/<!» 


This  function  has  been  tested  against  simulation  data  obtained  for  cylindrical  scatter  im: 
volumes  populated  by  randomly  distributed  point  scatLerers.  Simulated  volume  (40  cubic 
microns)  contained  20,000  scatterers  and  the  incident  wavelength  was  0.1j<tm.  These  parameters 
correspond  to  Q  ==.  6°.  Fig.l  presents  a  comparison  of  the  negative  exponential  statistics 
and  the  distribution  of  U  q  .  (  2  3  )  with  the  actual  intensity  dist  t  ibut  ion  obtained  from  the 
simulation  at  a  scatteiin-g  angle  Q =  5°.  As  expected,  the  exponential  statistics  strongly 
deviated  from  the  simulated  intensity  distribution.  E  q  .  (  2  3  )  provides  a  much  better  approxi¬ 
mation  to  that  distribution.  However  the  approximation  is  not  satisfactory  over  the  entire 
range  of  intensities  studied.  A  remarkable  divergence  from  the  simulation  curve  is  observed 
for  intensities  I  ^^1^.  The  possible  reason  could  reside  in  the  approximation  of  Lq.(4a)  by 
Eq . (4b)  which  is  based  on  the  assumption  that  the  number  of  scatterets  is  very  large.  This 
was  certainly  nut  the  case  in  our  simulation.  Another  conceivable  cause  could  be  the  choice 
of  Puisson  distribution  for  the  scatterer  number  fluctuation  in  slabs.  We  have  no  pertinent 
experimental  data  available  to  test  further  the  applicability  of  our  theory.  We  believe  that 
it  would  work  betLer  in  the  case  of  real  multi-scatter er  systems,  for  which  E  q .  ( 2  3 )  was 
derived. 

In  conclusion  we  have  shown  that  in  the  case  of  single  scattering  from  volumes  containing 
a  large  number  of  randomly  placed  scatterers  the  intensity  distribution  turns  out  to  diverge 
from  the  negative  exponential  distribution  for  scattering  angles  smaller  than  Q  .  Our 
analysis  also  shows  that  the  discussion  of  experimental  intensity  distributions  must  recog¬ 
nize  the  role  of  observation  angle.  Inappropriate  choice  of  the  latter  may  result  in  bizarre 
behavior  of  the  intensity  distribution.  The  presence  of  a  critical  angle  is  a  common  feature 
of  any  real  (finite)  scattering  system.  Since  the  critical  angle  is  in  range  of  angles 
easily  accessible  to  most  spectrometers  (30°  -  4  0  °  )  ®  ^  the  design  of  an  experiment  has  to  bo 
performed  with  a  great  care  in  order  to  avoid  statistics  deterioration  be  coherence  effects. 
These  effects  were  also  shown  to  disturb  the  intensity  statistics  in  the  multiple  scat  te- 
ring.i^  The  above  analysis  was  intended  to  describe  the  intensity  distribution  that  would 
be  oberved  at  q  <  e,  ■  Applying  simple  arguments  w e  were  able  to  show  that  this  distribution 


differs  remarkably  from  negative  exponential  statistics.  Our  intensity  distribution  partial 
1 y  matched  the  distribution  obtained  from  simuiation.  The  lack  of  a  complete  agreement  was 
presumably  a  consequence  of  finite  size  effects  in  the  simulation. 
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FIG.].  Comparison  of  intensity 


:ion)  with  E  q  .  (  2  3  )  and  negative  exponential. 
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Summary 

In  this  paper  we  describe  our  efforts  to  establish  a  biological  "standard"  for  polarized 
light  scattering  from  microorganisms,  which  could  serve  as  a  "calibration"  for  the 
experimental  setup,  much  like  polystyrene  spheres  are  used  for  similar  purposes  in  physical 
experiments.  We  measured  the  S-j4  element  of  the  Mueller  scattering  matrix  for  a  lysogenic 
E.coli  K12  bacterium  and  established  the  conditions  under  which  the  signal  is  reproducible 
between  different  laboratories.  By  varying  biological  parameters  which  influence  the 
cells,  we  have  begun  to  achieve  some  insight  into  what  determines  the  signal. 

Specifically,  we  varied  the  size  distribution  of  the  bacteria  by  changing  the  growth 
conditions.  Small  changes  in  growth  conditions  gave  rise  to  easily  measurable  changes  in 
the  signal  which  had  not  previously  been  predicted. 


Introduction 

Since  the  mid-seventies  several  investigators  have  reported  "organism-unique"  polarized 
light  scattering  signals  as  a  function  of  scattering  angle1'2.  It  was  suggested  that  one 
could  identify  (fingerprint)  micro-organisms  by  the  signal.  However,  after  these  many 
years  of  investigation,  no-one  has  yet  published  a  unique  scattering  signal  that  was 
reproduced  in  other  laboratories.  Nor  has  anyone  reported  the  effects  of  various 
parameters  on  the  signal  so  that  one  might  understand  the  sensitivity  of  the  signal  to 
slight  variations,  such  as;  size  distribution,  DMA  content,  growth  conditions,  etc.  In 
this  report  we  give  examples  in  which  relatively  small  changes  in  growth  conditions  (i.e. 
the  stage  of  growth  and  growth  medium)  produces  changes  in  the  scattering  signal  which  are 
larger  than  changes  which  others  have  indicated  can  distinguish  between  similar  organisms. 
The  signal  evaluated  is  the  angular-dependent  Mueller  matrix  Sj4  element.  The  16-element 
Mueller  matrix  completely  characterizes  the  elastic  light  scattering  properties  of  any 
object,  being  defined  as  the  matrix  which  transforms  the  4-element  Stokes  vector  which,  in 
turn,  completely  characterizes  the  intensity  and  polarization  state  of  light3. 

To  obtain  reliable  signals  one  has  to  understand  the  experimental  set-up  very  well  and 
recognize  the  various  artifacts  that  could  impact  the  final  signal.  In  addition,  one  has 
to  understand  the  biological  parameters  very  well  and  recognize  the  effects  of  different 
preparation  procedures.  In  other  words,  in  order  to  establish  whether  or  not  one  can 
"uniquely"  identify  a  micro-organism  by  measuring  a  Mueller  matrix  element  one  needs 
expertise  in  experimental  physics  as  well  as  in  microbiology.  If  it  turns  out  that  the 
signal  does  not  uniquely  identify  the  organism,  one  must  establish  what  the  limitations 
are.  In  that  case,  it  would  be  useful  to  identify  groups  of  organisms  that  produce  similar 
scattering  signals. 


Experimental  Set-Up 

At  the  University  of  Arizona  we  used  the  experimental  apparatus  set  up  several  years  ago 
by  Huffman  which  is  described  in  detail  elsewhere4'5.  A  similar  apparatus  was  set  up 
recently  at  the  Uniformed  University  of  the  Health  Sciences  (USUHS)  .  In  it,  a  HeNe  laser 
beam  is  modulated  by  a  time-varying  retarder  that  converts  the  linearly  polarized  beam  into 


663 


a  beam  that  alternates  between  left  and  right  circular-polarized  light  at  a  frequency  of  50 
kHz.  The  scattered  light  passes  through  a  linear  polarizer  at  45  degrees  to  the  scattering 
plane,  and  is  detected  by  a  photomultiplier  tube  (PMT)  .  With  a  lock-in  amplifier  the  50 
kHz  component  is  measured.  By  electronically  keeping  the  dc  component  of  the  PMT-signal 
(proportional  to  S33)  constant  in  the  particular  configuration,  one  measures  the  following 
combination  of  matrix  elements: 

( s 1 4  +  S34'/(S11  +  S31) 

Since  for  our  system  S14  and  S33  are  negligible,  this  may  be  approximated  by: 

S34/SH 

The  signal  is  expressed  as  a  percent  of  the  maximum  value  obtained  after  placing  a 
quarter  wave  plate  in  the  forward  direction  between  the  sample  and  phototube  for 
cal ifcrat ion . 


Biological  Preparations 


For  our  standard  scattering  organism  we  chose  Escherichia  coli  K12  with  heat-inducible 
lambda  virus  incorporated  in  the  main  chromosome.  This  E.coli  was  obtained  from  Dr.  A. 
Faurelli  at  USUHS  and  is  identified  as  X  2712ts.  Some  of  the  advantages  of  this  bacterium 
are  that  one  can  easily  induce  the  expression  of  the  virus,  thus  ensuring  (with  a  large 
probability)  that  indeed  one  has  the  correct  bacterium  and  not  a  look-alike  contaminant 
that  was  grown  instead.  Upon  induction  the  lambda  virus  genes  are  transcribed  and  within  a 
known  lime  (about  30-50  minutes,  depending  the  temperature)  100  to  200  viruses  have  been 
formed  in  the  bacterium  and  burst  open  the  cell.  This  last  step  is  easy  to  "eyeball"  since 
it  gives  rise  to  a  sharp  change  from  a  cloudy  suspension  to  a  clear  one. 


It  is  well-known  that  the  volume  and  contents  of  an  E.coli  cell  can  be  modified  greatly 
by  simply  changing  the  medium  in  which  it  is  grown6.  Some  other  simple  modifications 
giving  rise  to  measurable  changes  in  the  cell  include  the  stage  of  growth,  the  growth 
medium,  the  growth  temperature,  etc. 


In  general  when  one  starts  growing  bacteria 
the  cells  are  in  a  "lag"  phase,  that  is  they 
are  not  directly  dividing.  After  this  initial 
phase  the  bacteria  enter  into  the  "log"  phase 
where  the  bacteria  are  actively  dividing  with 
the  number  of  bacteria  growing  exponentially 
( t  He  rj>p  of  growth  is  charf''t'erized  hy  the 
"doubling  time").  After  the  concentration  of 
bacteria  reaches  a  certain  value,  the  bacteria 
start  to  interact  and  the  rate  of  growth 
decreases,  until  the  bacteria  stop  dividing 
and  the  bacteria  are  said  to  have  entered  the 
"stationary"  phase.  Figure  1  represents  a 
typical  growth  curve,  with  the  effect  of 
induction  also  port  rayed  . 

The  E.coli  K12  was  grown  at  30  degrees  C, 
in  LB  broth  with  vigorous  shaking.  Stationary 
phase  bacteria  were  generally  harvested  after 
growing  the  culture  overnight.  The  log  phase 
cells  were  harvested  when  the  optical  density 
(OD)  of  the  sample  was  0.05.  The  cells  were 
centrifuged  at  about  3000g  and  the  pellet 
resuspended  in  0.9%  NaCl  ( pH  =  5.7)  at  an  OD  of 
0.05.  The  E.coli  B/r  was  grown  in  an  enriched 
medium  and  in  a  minimal  glucose  medium  ("rich" 
and  "poor"  media)  at  37  C. 


0  1  2  3  4  5 


Time  (h) 


FIGORE  1.  TYPICAL  BACTERIAL  GROWTH  CURVE. 

Lag  phase,  the  bacteria  are  not  yet  actively 
dividing.  Log  phase,  the  number  of  bacteria 
increases  exponentially.  Stationary  phase, 
the  bacteria  stop  dividing.  Induced/lysis, 
the  lambda  virus  replicates  and  bursts  open 
the  cell. 
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Resu 


The  E.coli  K12  and  B/r  were  used  as  described  above,  at  the  USUHS  and  the  University  of 
A r 1  zona  . 

Figure  2  shows  the  results  of  a  reproducible  signal  between  the  two  laboratories. 

Figure  3  shows  the  effect  of  "stage  of  growth"  on  the  signal. 

Figure  4  shows  the  effect  of  different  growth  media  on  the  signal. 

Figure  5  shows  the  S34  signal  obtained  at  wavelength  633nm  (HeNe)  and  at  442nm  (HeCd)  . 


FIGURE  2.  REPRODUCIBILITY  OF  S3*  OF  E.coli  K12  BETWEEN  LABORATORIES.  The  solid  lire 
represents  data  obtained  at  the  USUHS  and  the  dotted  line  data  obtained  at  the  U  of  A.  Tr.i 
bacteria  were  in  early  log  phase  (see  text). 


FIGURE  3.  EARLY-LOG  AND  STATIONARY  PHASE  E.coli  K12  834  AS  A  FUNCTION  OF  SCATTERING  ANGLE 

The  solid  line  repreo^nts  the  ea^y-log  phase  and  the  dotted  line  the  stationary  phase. 
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Scattering  Angle  (degrees) 


FIGURE  4.  EFFECT  OF  GROWTH  MEDIUM  ON  S34  OF  E.coli  B/r.  The  solid  line  was  obtained 
growing  the  bacteria  in  a  minimal  glucose  medium  and  the  dotted  line  growing  the  bacteria 
in  an  enriched  medium. 


Scattering  Angle  (degrees) 


FIGURE  5.  EFFECT  OF  LASER  WAVELENGTH  OF  S34  OF  E.coli  K12.  The  solid  line  was  obtained 
using  HeNe  red  and  the  dotted  line  HeCd  blue. 


Discussion 


The  results  of  this  paper  indicate  that  a  "standard"  for  S3,  scattering  can  be 
established.  For  the  standard  we  chose  the  lysogenic  E.coli  KI2,  because  the  purity  of  the 
sample  can  easily  be  verified  by  inducing  the  lambda  virus  expression.  The  S34  signal, 
as  a  function  of  scattering  angle,  within  the  same  laboratory  as  well  as  between  the  USUHS 
and  the  U  of  A  can  be  reproduced  with  the  peak  locations  within  1  degree  for  angles  less 
than  90  degrees,  and  the  peak  heights  within  1  percent. 

The  reproducibility  is  very  sensitive  to  the  growth  conditions  of  the  bacterium.  The 
best  reproducibility  could  be  established  when  the  E.coli  was  actively  growing  in 
"log-phase"  with  an  optical  density  of  less  than  0.05  (about  10  million  bacteria  per  ml). 
Furthermore,  the  temperature,  the  growth  medium,  the  aeration,  the  dilution  factor  and 
dilution  medium  influence  the  final  scattering  signal. 

From  the  data  collected  thus  far  it  appears  that  the  S3,  signal  is  strongly  dependent  on 
the  average  size  of  the  bacteria.  Size  distributions  for  E.coli  B/r,  grown  in  different 
media,  are  well  documented.  In  "rich"  media  the  cells  may  be  1.6  times  larger  (volume) 
than  in  "minimal"  media.  The  scattering  signals  show  a  substantial  shift,  with  the 
"larger"  bacteria  yielding  more  peaks  and  each  shifted  towards  smaller  scattering  angles 
relative  to  uhe  peak  position  for  the  "smaller"  bacteria.  Similar  shifts  could  be 
accomplished  by  changing  the  laser  wavelength. 

When  the  signal  was  taken  with  bacteria  grown  to  the  "stationary"  phase  the  peaks  were 
shifted  substantially  towards  larger  angles  relative  to  the  peak  position  established  with 
"log-phase"  growing  bacteria.  This  also  is  consistent  with  size  variations  as  verified  by 
microscopic  examination. 

To  further  our  understanding  of  the  S3,  signal  we  are  pursuing  modeling  and  study  of 
different  shapes  of  bacteria  and  other  cells.  In  addition  we  are  changing  the  contents  of 
the  bacteria  in  order  to  establish  the  sensitivity  of  the  signal  to  the  inward  structure. 
First  indications  show  that  the  internal  structure  does  not  significantly  effect  the  signal 
at  visible  wavelengths.  However,  a  shape  or  size  change,  accompanying  a  change  of 
contents,  will  significantly  effect  the  overall  signal. 


The  opinions  or  assertions  contained  in  this  paper  are  the  private  views  of  the  authors 
and  are  not  to  be  construed  as  reflecting  the  views  of  the  Uniformed  Services  University  of 
the  Health  Sciences  or  the  Department  of  Defense. 
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Abstrar t . 

/lew  is  given  o  f  different  optical  methods  used  to  measure  rotations.  Both 

and  "modern"  techniques  are  described  ;  the  physical  principles  are  outlined, 
-.a  sis  lavs  op.  the  applications  ;  performances  and  limitations  are  compared. 
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1).  Such  small  angles  can  also  be  measured  with  an 
£i££££2£i2_22.!:222ii.i22£2£  if  the  position  of  the  reflected 
an  array  of  detectors  (fig.  1).  Resolutions  go  from  0 
order  to  automate  those  measurements  different  methods  are 
the  optical  ones.  Let’s  mention  for  instance  the  2Pti_oal_ 
wheel,  fixed  to  the  rotating  object,  chops  a  light  beam  into 
r  of  pulses  one  can  calculate,  after  a  calibration,  the  angle 
evolutions. 
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Figure  1 


way  of  measuring  rotations  is  the  Moire  technique, 
object,  passes  by  a  fixed  grating  of  the  same  period, 
the  other  gives  light  pulses,  as  one  can  easily  check. 


A  grating,  fixed  to  the 
Moving  one  grating  with 


In  order  to  measure  fast  rotations,  one  often  makes  use  of  the  so-called  optical  dero- 
£2£  »  r>f  "hich  the  2£E2£2222E2  s  the  best  known  example.  Flashes  of  light  are  sent  to¬ 
wards  th<  tating  object  ;  the  period  of  those  flashes  is  adapted  so  that  one  observes  a 

seeming-/  at  ionary  object,  in  which  case  the  rotation  rate  of  the  rotating  object  can  be 
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here  are  no  problems  for  measuring  fast  rotations  or  large  angles.  The  pro- 
omes  when  one  wants  to  measure  small  angles  or  slow  rotations.  This  brings 
paper  :  indeed  optical  methods  are  the  only  methods  which 
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Moire  technique 


Figure  3 


Optical  derotation 
(stroboscope ) 

Figure  4 


methods . 


Those  optical  measurements  are  based  on  interferometry  ;  this  implies  that  one  invari¬ 
ant!;/  uses  a  laser  as  a  light  source.  Indeed,  one  needs  a  light  source  which  gives  a  well- 
defined  optical  beam  with  a  good  longitudinal  (and  sometimes  also  transverse)  coherence. 
The  high  brightness  of  the  beam  is  moreover  an  additional  convenience. 


a  :  schematic 


b  :  output  at  detector  vs  distance 


Figure  5  :  Michelson  interferometer 


The  basic  set-up  of  the  Michelson  interferometer  is  shown  in  figure  b  a  .  When  the  last 
.  r r o r  is  displaced  over  a  distance  d,  the  irradiance  at  the  detector  changes  as  a  sine 
;uare  function.  The  distance  d  *  between  two  successive  maxima  corresponds  to  half  a  wave- 
?  r:  g  t  h  ,  which  implies  that  the  sensitivity  of  a  simple  Michelson  interferometer  for  measu- 
.ng  Linear  displacements  goes  down  to  about  1/4  urn.  By  usig  simple  geometrical  tricks,  it 
3  possible  to  increase  the  sensitivity  by  powers  of  two  ;  and  by  electronically  interpo¬ 
sing  between  fringes  (ref.  3)  the  resolution  goes  down  to  a  small  part  of  a  fringe.  In 
iis  paper  however  we  are  not  interested  in  translations,  but  we  want  to  measure  rotations, 
)  we  have  to  transform  the  translation  into  a  rotation.  That  can  be  done  in  various  ways; 
?  can  only  give  a  few  of  them. 


Figure  6 


Figure  7 


The  most  direct  way  is  to  insert,  into  one  of  the  arms  of  the  interferometer,  a  device, 
the  optical  path  of  -which  depends  on  the  angle  of  rotation  :  figures  6  and  7  show  two  pos¬ 
sible  set-ups.  The  resolution  of  the  set-up  of  figure  7  is  0.02  secarc  (ref.  4).  These 
schemes,  however,  have  the  inconvenience  that  you  have  to  put  something  in  the  arms  of  the 
interferometer  ;  this  is  easily  done  in  a  lab,  but  it  makes  the  method  not  interesting  for 
applications  in  an  industrial  environment.  For  those  applications  it  is  better  to  separate 
the  rotating  device  from  the  rest  of  the  interferometer.  A  possible  set-up  is  shown  in 
figure  8  i ref.  1-  }  .  Two  retroprisms  are  mounted  on  the  rotating  object,  while  the  rest  of 
the  interferometer  forms  a  fixed  unit.  When  used  in  conjunction  with  an  up-down  counter, 
the  set-up  is  insensitive  to  vibrations  ;  a  typical  instrument  gives  10000  fringes  per 
degree  of  rotation.  A  more  sensitive  set-up,  but  also  more  difficult  to  align,  is  the  so- 
called  £gtical_Sine_Bar ,  shown  in  figure  9  (ref.  6).  Its  resolution  goes  down  to  60  msec 
of  arc  per  fringe,  and  that's  a  very  small  angle  :  it  is  the  angle  giving  a  displacement  of 
1  mm  at  a  distance  of  about  3  km  ! 


Figure  8 
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Figure  9 


Closely  related  to  the  interferometric  methods  are  the  doppler  methods.  A  linear  move¬ 
ment  of  velocity  v  gives  a  (up  or  down)  shift  in  frequency  df  according  to  df/f  =  v/c. 
Because  df  cann't  be  measured  directly,  one  mixes  the  shifted  frequency  with  the  original 
"ne,  in  order  to  create  a  beat  note.  The  mixing  is  usually  done  in  a  Michelson-type  device 
(fig.  10)  and  so  we  are  back  to  the  interferometer. 

The  transformation  of  the  translation  into  a  rotation  can  be  done  in  different  ways  ; 
we  describe  here  only  one  of  them  (ref.  7).  The  laser  is  put  in  a  magnetic  field,  which 
splits  the  laserline  in  two  frequencies  fl  and  f 2 ,  each  of  them  having  another  state  of 
polarization  ;  a  Wollaston  prism  send  each  of  the  two  frequencies  to  a  perpendicular  mirror 
(fig.  11),  mounted  on  the  rotating  device.  If  this  device  translates,  the  two  frequencies 
undergo  the  same  dopplershift  dfl  =  df2.  If,  on  the  other  hand,  the  device  rotates,  dfl  l 
d  f  2  ;  a  new  beat  note  (dfl  -  df2)  is  created,  by  which  the  rotation  can  be  calculated.  The 
sensitivity  goes  down  to  0.1  sec  of  arc  (ref.  7). 


Figure  10 
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Inertial  rotation  sensors. 


'.,'p  to  now  we  have  been  concentrating  on  relative  rotations,  by  which  we  mean  that  the 
rotations  are  measured  with  respect  to  a  given  reference  frame.  The  rotating  set-up  is 
linked  to  the  fixed  reference  frame  by  means  of  light  beams  (fig.  12).  In  inertial  rota¬ 
tion  sensors  (IRS1,  on  the  other  hand,  absolute  rotations  are  measured,  i.e.  rotations  with 
respect  to  "fixed"  stars  of  the  universe  (whatever  that  may  be).  The  basic  principle  is 
the  Sagnac  effect.  We  will  explain  this  in  a  classical  way  ;  it  can  be  shown  that  the 
classical  formula  is  indeed  a  first-order  approximation  of  the  correct  formula  derived  from 
the  general  theory  of  relativity  (ref.  8 )  . 


Consider  a  '-losed  optical  loop  or  ring,  with  perimeter  P  as  shown  in  figure  13.  Light 
can  go  around  the  loop  in  a  cw  or  a  cow  direction.  Suppose  now  that  the  ring  rotates  with 
a  rotation  rate  -TL  ,  and  look  at  the  cw  wave  starting  from  point  A.  By  the  time  the  light 
arrives  at  the  next  mirror,  this  mirror  moved  a  little  bit.  So  for  the  cw  wave  the  peri¬ 
meter  P  seems  to  be  increased  by  an  amount  dP.  For  the  ccw  wave  on  the  other  hand, 

the  perimeter  is  decreased  by  the  same  amount.  It  is  easy  to  show  that  dP  :  4ASL/c  with  A 

the  area  of  the  loop  and  c  the  velocity  of  light.  This  is  now  exploited  in  the  Sagnac  in¬ 
terferometer  (fig.  14a)  ;  two  coun t e rp r opaga t i ng  beams  are  sent  in  the  interferometer.  By 

measuring  the  phase  shift  between  them  at  the  output,  the  rotation  rate  can  be  calculated. 

This  interferometer  is  not  at  all  sensitive  :  A  -  1  m2  and  SL  =  270°/sec  gives  only  a  dP  of 

about  one  tenth  of  the  wavelength.  The  sensitivity  can  be  increased  either  by  putting  the 
laser  in  the  interferometer  itself  (the  lasergyro)  or  by  using  a  multiturn  loop  ( fi.br e- 
2E2i£_E2 ba2i 22_2£222£ ^ •  In  a  lasergyro  (fig.  14b)  the  change  in  length  is  transformed  into 
a  change  in  frequency  by  virtue  of  the  formula  dP/P  =  df/f.  So  the  cw  and  ccw  waves  now 
have  a  different  frequency  ;  mixing  them  at  the  output  gives  a  beat  note  with  frequency 
f  =  4  A  -ft-  / p  X  .  With  the  same  numerical  values  as  in  the  previous  example,  one  finds  a  beat 
note  of  about  7  MHz.  It  should  be  clear  now  that  such  a  device  allows  very  small  rotation 
rates  to  be  measured  ;  as  an  example  it  is  used  to  monitor  the  rotation  of  the  earth.  A 
real  lasergyro  has  a  number  of  errors,  among  which  the  so-called  l££k-.in.  Indeed,  due  to 
the  nonlinearity  of  the  laser  gain  cell,  the  two  counter propagati ng  waves  are  coupled. 
When  the  beat  frequency  becomes  too  small,  the  two  waves  lock  together,  and  the  gyro  is 
useless.  By  a  number  of  clever  tricks  this  mode-lockin  region  can  be  displaced  :  the  laser¬ 
gyro  has  now  become  a  reliable  instrument,  with  a  sensitivity  greater  than  10-3  °/h,  and  it 
is  used  on  different  types  of  airplanes  (ref.  9). 


Figure  14 
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Another  way  to  increase  the  sensitivity  of  the  original  Sagnac  interferometer  is  to  use 
a  multi-turn  optical  fibre  (fig.  14c).  A  set-up  with,  e.g.,  1000  turns  and  an  area  A  of 
ICO  cm2  gives,  for  a  rotation  rate  of  10  °/h  ( -  rotation  of  the  earth),  a  phase  shift  of 
10-4  rad,  a  measurable  value.  The  fibre  rotation  sensor  shows  no  lock-in,  because  the 
light  source  is  outside  the  ring  ;  so  it  is  easier  to  build.  On  the  other  hand,  a  shift  of 
an  interference  pattern  is  more  difficult  to  measure  than  a  frequency  and  the  overall  sen¬ 
sitivity  of  a  fibre  gyro  is  less  than  the  sensitivity  of  a  lasergyro. 


Conclusion. 
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can  conclude  that  the  mariage  of  optics,  basic  physics,  and  clever  electronics  has 
new  reliable  instruments,  with  sensitivities  which  were  unbelievable  before  the 
of  the  laser.  However  there  still  is  a  long  way  towards  the  ultimate  sensitivity 
for  some  very  exciting  experiments  in  basic  physics  (ref.  10). 
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Abstract 


A  three-dimensional,  tri-orthogonal ,  two-color,  and  Bragg-diffracted  laser  Doppler 
velocimeter  system  has  been  developed  to  measure  simultaneously  the  three  components  of 
local  mean  velocity  (u,  v,  w)  and  the  associated  turbulent  quantities.  The  system  is 
designed  to  measure  flow  parameters  in  very  complex  and  highly  three-dimensional,  in  both 
the  mean-flow  and  the  turbulent  structure,  internal  and  external  flows.  The  developed 
system  has  successfully  used  to  study  the  secondary  motions  by  both  the  Reynolds-stress 
gradients  and  pressure  gradients,  corner  flows,  and  turbulent  boundary  layer  flow  cases. 


Introduction 


Many  important  and  practical  engineering  problems  in  industry  involve  very  complex  and 
three-dimensional  turbulent  flows.  For  example,  most  aircraft  or  general  industrial 
installations  have  flow  passages  wherein  hot  gas  passes  through  cascaded  vanes  geometries 
for  extracting  power  and  for  flow  turning  purposes.  The  heat  and/or  mass  transfer  from 
the  vanes  is  a  critical  feature  of  the  installation  which  directly  determines  the  durability 
and  survivability  of  the  cascade  system.  Moreover,  the  efficiency  of  the  blade  system  to 
extract  power,  in  the  case  of  a  turbine  blade  configuration,  or  to  turn  flow  depends 
strongly  on  the  degree  and  intensity  of  secondary  and  corner  flows  passing  through  the 
blades  [1,  2].  This  type  of  flow  may  represent  stalled  boundary  layer  flow  and  so  the 
lift  of  the  blades  can  be  seriously  degraded.  It  is  clear  that  the  evaluation  of  such 
complex  fluid  flows  require  physically  perceptive  analytical  tools,  generally  as  computer 
codes  based  on  the  flow  field  data  of  high  quality  for  3-D  flow  predictions,  in  order  that 
engineers  and  designers  can  optimize  blade  configuration,  staging,  blade  clearances,  and 
inlet  and  outlet  flow  passage  geometry  [3,  4,  5]. 

The  quality  of  three-dimensional  laser  Doppler  velocimeter  (LDV)  measurements  depends  on 
several  parameters  determined  by  the  transmitting  and  receiving  optical  configurations  and 
the  principle  of  signal  processing.  In  applying  the  3-D  LDV  technique  for  accurate  and 
successful  measurements  in  internal  and  external  flow  problems,  conditions  under  which  the 
measurements  are  carried  out  need  to  be  fully  considered.  Also,  it  is  of  vital  importance 
to  know  whether  the  system  will  satisfy  the  measurement  requirements  and  what  the  optimum 
system  concern  should  be  focused  on  the  flow  measurement  region  and  its  accessibility  for 
laser  beams  either  through  optical  windows  or  through  transparent  sections  [6], 

This  paper  will  describe  a  newly  developed  3-D  LDV  system  which  is  capable  of 
simultaneously  measuring  the  three  components  of  velocity  and  providing  the  corresponding 
quantities  of  the  turbulent  fluid  motion. 


System  Description 


A  schematic  diagram  of  the  newly  developed  3-D  LDV  system  is  shown  in  Figure  1.  A 
commercially  available  Argon-ion  laser  is  used  as  a  light  source  for  the  system.  The  laser 
produces  a  high  power  visible  output  at  six  simultaneous  wavelengths  from  514.5  nm  to 
457.9  nm  in  the  portion  of  the  full  visible  spectrum.  The  two  strongest  wavelengths,  namely 
the  514.5  nm  green  line  and  the  488.0  nm  blue  line,  are  chosen  by  using  an  internal  prism 
wavelength  selector.  The  approximate  output  power  is  43Z  in  the  green  line  and  20Z  in  the 
blue  line  at  full  rated  laser  power. 

In  general,  the  optical  system  that  can  be  used  for  the  LDV  measurements  varies 
considerably  based  on  different  flow  situations.  In  the  present  system  in  order  to  control 
the  divergence  of  the  laser  output  in  the  transmitting  optics,  a  beam  collimator  is  mounted 
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Transmitting  Dove  Mirror 
Lens  Prism 


Figure  1:  Three-Dimensional  Laser  Doppler  Velocimeter  System. 


to  the  output  aperture  of  the  laser.  The  single  collimated  beam  is  separated  into  a  green 
beam  and  a  blue  beam  in  an  enclosed  color  separator  module.  Inside  the  module,  as  shown  in 
Figure  1,  the  incident  beam  first  is  passed  through  a  Brewster  60-degree  angle  dispersion 
prism  and  the  dispersed  colors  are  then  reflected  off  a  front  surface  beam-director  mirror 
into  a  second  60-degree  prism  which  is  used  to  make  the  incident  and  transmitted  beams 
coaxial.  The  output  beams  are  parallel  which  can  be  adjusted  in  terms  of  spatial  separation 
and  position  relative  to  the  input  beam. 

To  measure  simultaneously  the  three  orthogonal  components  of  velocity  in  the  same  probe 
volume,  it  is  necessary  to  generate  three  superimposed  sets  of  interference  fringes.  This 
can  be  accomplished  by  applying  the  dual-beam  optical  frequency  shifting  technique  where  a 
single  2-D  ultrasonic  Bragg  cell  modulator  is  used  [7],  The  Bragg  cell  functions  as  both 
the  beam  splitter  and  the  frequency  shifter.  Each  crystal  of  the  Bragg  cell  is  made  to 
oscillate  in  an  odd  overtone  by  a  power  amplifier  referenced  to  a  Phase  Locked  Loop  (PLL) 
oscillator.  The  quartz  transducers  are  cut  for  5  MHz.  fundamental  frequencies  and  are 
operated  in  third  and  fifth  overtones  to  produce  frequency  shifts  in  the  beams  of  15  and 
25  MHz. . 

As  shown  in  Figure  1,  the  two-color  separated  beams  produced  by  the  color  separator 
module  are  passed  into  the  Bragg  cell's  optical  quality  window  and  four  equally  intense 
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beams  for  each  color  beam  are  produced.  The  cwo  green  pairs  of  beams  operating  at  a  single 
wavelength  are  frequency  shifted  by  the  Bragg  cell  driver  with  carrier  frequencies  of  25  and 
15  MHz.  representing  the  x-  and  z-  components  of  velocity,  respectively.  The  third 
orthogonal  component,  representing  the  y-component  of  velocity,  is  formed  using  one  of  the 
blue  pairs  of  beams  at  488.0  nm  with  a  frequency  shift  of  15  MHz..  Thus,  frequency 
differences  in  orthogonal  beam  pairs  are  15  and  25  MHz..  Non-orthogonal  beam  pairs  have 
frequency  differences  of  10  and  40  MHz.  and  signal  currents  generated  at  these  frequencies 
are  removed  by  electronic  filters  after  photo-detection.  The  four  parallel  green  beams  are 
then  focused  to  a  common  point  by  an  achromatic  transmitting  lens  while  the  two  parallel 
blue  beams  are  brought  to  the  same  point  by  another  achromatic  transmitting  lens  after  being 
rotated  by  a  dove  prism. 

The  probe  volume  in  the  present  3-D  LDV  system  is  composed  of  three  superimposed  sets  of 
interference  fringes.  As  shown  in  Figure  2,  these  interference  fringes  are  produced  by  the 


z 


Figure  2:  Formation  of  Three  Supreimposed  Sets  of  Interference  Fringes  in  the 
Three-Dimensional  Laser  Doppler  Velocimeter  System. 


intersection  of  six  laser  beams  whose  region  of  intersection  is  the  measurement  volume.  The 
fringe  pattern  at  the  beam  crossing  point  can  be  defined  as  a  set  of  planes  that  slice  the 
probe  volume  into  a  set  of  bright  and  dark  areas.  Each  plane  is  normal  to  the  plane  defined 
by  a  set  of  crossed  beams  and  parallel  to  the  axis  of  the  beam  bisector.  The  intensity 
distribution  for  each  pair  of  beams  in  the  fringes  is  a  sinusoidally  modulated  Gaussian. 

When  a  particle  of  size  comparable  to  the  laser  wavelength  light  passes  through  these  areas, 
It  scatters  light  whose  intensity  varies  within  the  Gaussian  envelope  [8]. 

For  the  collecting  optics  of  the  3-D  LDV  system,  two  receiving  lenses  with  a  set  of 
coated  plane  mirrors  are  positioned  at  an  off-axis  angle  of  15-degree°  -'■'llec*-.  '  n  the 
forward  direction,  the  light  scattered  by  particles  traversing  the  probe  volume  in  three 
different  directions  orthogonal  to  each  other.  Two  photo-multiplier  tubes  are  used  as 
photo-detectors  to  convert  the  collected  scattered  light  into  an  electrical  signal.  Narrow 
band  interference  filters  of  1  nm  bandpass  are  placed  between  the  limiting  aperture  and  the 
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photo-tube  of  each  detectors  to  reject  all  light  except  the  desired  colors.  One  signal 
detector  is  used  to  receive  both  the  x  and  z  frequency  shifted  component  signals  while  the 
other  one  is  used  to  receive  only  the  y  component  signal. 

In  order  to  scan  a  desired  flow  field,  the  laser,  the  transmitting  optics,  and  the 
receiving  optics  of  the  3-D  LDV  system  can  be  mounted  on  an  optical  platform.  A  typical 
platform  is  shown  in  Figure  3.  The  optical  table  is  usually  placed  on  a  milling  machine 


^_Square  Beam  Structure 


Figure  3:  Typical  Engineering  Layout  of  the  Three-Dimensional  Laser  Doppler 
Velocimeter  System  Optical  Platform. 


automated  by  three  stepping  motors,  three  linear  magnetic  scales,  and  computer  controllers 
to  provide  three  orthogonal  directions  of  motion.  A  computer  software  is  developed  to 
control  the  drive  system  of  the  3-D  optical  positioning  table  and  a  three-axis  digital 
positioning  readout  system  is  used  and  programmed  to  display  the  position  of  the  probe 
volume  in  the  test  section.  The  acquisition  and  the  spatial  positioning  of  the  LDV  probe 
volume  are  completely  automated  to  minimize  operator  errors  and  the  time  required  for  data 
acquisition. 

In  the  application  of  the  present  3-D  LDV  system  for  measuring  the  fluid  flow  components 
the  existance  of  particles  moving  with  the  medium  is  essential  because  they  are  the  source 
of  Doppler  shifted  scattered  light.  The  quality  of  the  LDV  data  can  be  substantially 
improved  by  carefully  controlling  size,  composition,  and  concentration  of  the  particles 
in  the  fluid.  The  amount  of  light  scattered  from  particles  traversing  an  optical  probe 
volume  depends  on  the  geometric  diameter  of  the  particle  and  its  refractive  index.  It 
should  be  emphasized  that  the  particle  lag  effects  are  significant  when  the  fluid  motion  is 
transient,  such  as  in  the  turbulent  motion,  accelerating  and  decelerating  flows  [3].  Also, 
the  LDV  results  can  be  adversely  influenced  if  the  particle  concentration  is  higher  in  one 
region  of  flow  than  in  others.  This  phenomenon  is  more  significant  in  viscous  flows  and 
may  occur  independently  of  particle  lags.  To  eliminate  this  effect,  the  seed  particles 
need  to  be  well  mixed  with  the  flow  medium  and  this  can  be  achieved  by  uniform  distribution 
of  the  particles  upstream  of  the  test  section. 

The  velocity  data  for  the  3-D  LDV  system  are  acquired  by  three  standard  high-speed  Burst 
counters.  Each  counter  is  actually  a  combination  of  two  time  period  counters  each  of  which 
performs  a  signal  period  measurement.  These  time  period  counters  are  designed  to  start 
simultaneously  but  one  counter,  called  the  short  fringe  counter,  stops  after  fewer  fringe 
crossings  that  the  stcond  counter,  called  the  long  fringe  counter.  For  simultaneous  signal 
detection  of  the  blue  and  green  probe  volumes,  the  signal  time  period  measurement  process  i 
performed  on  each  of  the  three  velocity  channels.  As  shown  in  Figure  A,  the  active  pulses 
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Figure  4:  Block  Diagram  of  the  Three-Dimensional  Laser  Doppler  Veloc.imeter 
Signal  and  Data  Processing  Systems. 


from  the  three  burst  counters  are  passed  to  the  "Simultaneity  Checker."  The  computer  is 
programmed  in  advance  to  record  only  those  velocity  data  for  which  the  three  active  pulses 
are  coincident  for  at  least  one  instant  in  time  and  for  which  an  aperiodicity  fail  pulse  is 
not  produced  by  any  of  the  burst  counters  [2], 


In  order  to  obtain  the  mean  value  of  a  velocity  component,  the  turbulence  intensity  and 
other  related  parameters  from  the  counter  signal  processor  of  the  3-D  LDV  system,  it  is 
necessary  to  apply  a  statistical  analysis  of  the  data.  If  N  measurements  of  independent 
events  is  representative  of  the  fluid  flow  velocity  distribution  function  and  if  u^  (  i  =  1 , 
2,  3,  ....,  N)  are  the  individual  velocity  measurements,  then  the  time-averaged  mean  and 
mean-square  velocity  of  the  x-component  of  the  velocity  V  =  (u,  v,  w)  are  given  by: 

u  =  [  ?  .(u.At.)]/  J  (At.)  (i) 

1=1  11  1=1  1  V  ' 


u77-  °2  -  [  (At. )  (2) 

where  the  sums  are  taken  over  all  measurements,  the  result  u^  being  associated  with  time 
Delta  (t^).  In  addition,  the  root-mean-square  value  and  turbulence  intensity  can  be  written 
as  ,  _ 

(U'2)1/2  =  u'  =  f  [  r  (u.  -  u) 2At .]/  E  (At.)]  }1/2  (3) 

1=1  1  1  i=l  1 

(u"?),/2/iJ  =  a/{  [  I  (u.At,)]/  E  (At.)}'  (4) 

i=l  1  1  i=l  1 


Similarly,  the  above  quantities  can  be  written  for  the  y-  and  z-components  of  fluid 
velocity.  Other  statistical  quantities  of  importance  in  the  turbulent  field,  such  as  the 
average  kinetic  energy  of  turbulence,  can  be  derived  directly  from  the  above  equations  [3]. 
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Conclusions 


An  advanced  dual-beam  Bragg-diffracted  two-color  laser  Doppler  velocimeter  system  has 
been  designed  and  developed  to  take  simultaneous,  three-component  orthogonal  velocity 
measurements  and  the  corresponding  turbulent  quantities  in  complex  three-dimensional 
internal  and  external  viscous  fluid  flows. 
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ABSTRACT 

We  report  a  simple  theoretical  model  for  the  calculation  of  the  dependence  of  filter  quantum  efficiency 
- u s  laser  pump  power  in  an  atomic  Cs  vapor  laser— excited  optical  filter.  We  present  the  calculations  for  a 
s  filter  transitions  that  can  be  used  to  detect  the  practial  and  important  frequency-doubled  Nd  lasers.  The 
'Hits  of  these  calculations  show  the  filter’s  quantum  efficiency  versus  the  laser  pump  power.  The  laser  pump 
.wers  required  range  from  .7  to  15  mW  per  square  centimeter  of  filter  aperture. 


1  INTRODUCTION' 


Quantum-limited,  wide— field— of— view,  narrow-bandwidth  atomic  resonance  optical  filters  with  fast 

1  3 

temporal  responses  are  needed  as  receivers  for  optical  communications,1  remote  sensing,  and  laser  radar.  ' 

!  a-,  atomic  Cs  vapor  laser— excited  optical  filters  (LEOFs)  are,  in  principle,  narrow— bandwidth  (u.OOl-nm), 
mm  -field— of-view  (2-r  sr),  and  high— quantum-efficiency  filters.  LEOFs  offer  simultaneously  the  resolution  of 
;  iubry-Ferol  interferometer  and  an  ideal  field  of  view.  Thus  these  devices  are  ideally  suited  for  extracting 
i  ik  arrow-bandwidth  signals  buried  in  strong  nonresonant  background  radiation. 

Narrow— bandwidth  operation  of  an  atomic  vapor  LEOF  was  demonstrated  first  by  Gelbwachs  et  al.3  and 
re  recently  by  Chung  and  Shay  4  LEOFs  are  atomic  resonance  optical  filters  that  use  photon  absorption 
;;;  the  first  excited  state  of  an  atom  to  a  higher  level  as  the  signal  transition.  To  achieve  efficient  and 
-  .-.  ::ve  excitation  of  the  Cs(6p)  atoms,  a  narrow-bandwidth  laser  is  used  as  the  pump  sconce  Fortunately . 

!  !.■  1  '.  do  not  require  a  high— power  pump  laser;  on  the  contrary,  reliable,  efficient,  low- power  semiconductor 
■-  have  been  used  to  pump  LEOFs  4  The  ability  of  LEOFs  to  be  pumped  by  diode  lasers  i.strau-  the 
.  :  .  c.  titty  of  these  optical  filters  In  this  paper  we  describe  a  theoretical  model  for  tin  calculation  of  ; he 
:■  ;  m;. fi  nce  of  filter  quantum  efficiency  versus  laser  pump  power  in  an  atomic  Cs  vap-  •!  l.EUl  The  m,.,,.!-  1  is 
.:  '.  Cs  transition  into  that  can  be  used  as  filters  for  doubled  Nd  in  the  following  hosts:  I.N  A  and  HI-.!,. 

II  BASIC  PHYSICS 

1  he  physics  of  the  narrow-bandwidth  frequency  upshifting  process  in  the  Cs  LEOF  is  Lest  illustrated  by 
:  Ivring  a  single  filter  transition  in  Fig  1.  Ground  state  Cs  atoms  arc  excited  to  the  Gs(Gp)  state  by  the 
-  'pa  n  of  diode-laser  photons.  The  frequency  upshifting  occurs  when  the  signal  photons  me  absoi bed  -m 
•:  < 's  1’: '  :>  to  lid2  D  3  e)  transition  at  5312  tun.  When  the  Cs(lld)  atoms  are  produced,  they  will,  in  the 

e  .  f  significant  collisional  deactivation,  radiatively  decay  to  the  np  levels  (where  7  <  it  <  IF  by  emitting 
:fim;ci  photons  The  Cs(np)  atoms,  m  turn,  decay  subsequently  to  the  ground  .-tale  and  unit 

-.{-ivnoy— translated  (violet)  photons  on  the  C$(np  to  6s)  transitions.  These  violet  photons  tire  pioportiviial  to 
number  of  signal  photons  absorbed  and  are  typically  wavelength  shifted  to  the  blue  by  mu-  than  1  *;■ .  uni 
:  ct'e  of  this  large  spectral  shift,  simple  colored  glass  filters  can  effectively  discriminate  between  upshifted 

photons  and  unshifted  noise  photons.  The  response  time  of  this  531.2— run  filter  is  determined 
-■  '■••Rinantiy  by  the  radiative  lifetime  of  the  Cs(lld)  level,  which  has  been  calculated5  to  be  50 1  us. 

1  he  CsiTp  -  Os)  transition  is  one  component  of  the  upshifted  (violet)  photons.  However.  CA7p)  atoms  are 
hi  -.-.I  in  copious  amounts  via  the  following  sequence  of  reactions.  (We  have  recently  measure-!  the 
-  i  an  us  process  in  kb.6)  First,  the  steady  state  population  of  Cs(6p)  is  high  enough7  s  >  that  a  signin'.  tut 
.  :  :  f  C'jitid)  atoms  are  produced  via  the  reaction  1. 


:  .  i  ’  ;  :i  i 

Gsifip)  +  Cs(6p)  — •  Csibsj  +  Csitid) 

\-  --it  157c 5  of  the  Cs(6d)  atoms  decay  radiatively  to  the  Cs(7p)  level.  As  a  result  this  is  a  steady  state 
duct  ion  of  photons  on  the  Cs(7p  — •  6s)  -lUl-nm  transition.  If  404-nm  photons  are  collected  for  our  signal, 
would  constitute  a  significant  steady  state  background  noise.  Therefore,  the  Cs(7p  -  Os)  radiation  is  not 
■  bided  as  upshifted  signal  photons.  By  excluding  this  process,  the  noise  of  the  LEOF  can  be  limited  by  the 
I  i  kvr  jund  radiation  that  is  within  the  signal  bandwidth. 

Fable  I  summarizes  the  available  filter  transitions  for  a  Cs  LEOF,  compatible  doubled  Nd  lasers  and  the 
.  :•  ii  cell  quantum  efficiencies  for  those  transitions.  Cs  LEOF  receivers  can  be  designed  fi  r  doubled  Nd  BEL. 
1  N  A  and  CrGSGG.  I  have  only  investigated  3  of  the  6  potential  filter  transitions  because  the  mvess.in  data 
!-  available  only  for  the  3  of  the  transitions  in  Table  I 

111.  THEORETICAL  MODEL 


Again  as  an  example,  consider  the  53-1.2  nm  Cs  transition.  The  intrinsic  quantum  efficiency  is  defined  as 
>hv  number  of  violet  photons  emitted  per  blue-green  photon  absorbed.  In  the  absence  of  collisional 
:  i  iivation  of  the  Cs  levels  of  interest,  the  intrinsic  quantum  efficiency  for  each  of  the  violet  up  to  Us 
t :  trillions  can  be  calculated  simply  frurn  the  products  of  the  branching  ratios  of  the  Csilld  to  up)  and  the 
.■•-per rive  Cs(np  to  6s)  transitions  for  (8  <  n  <  11). 5  The  total  filler  quantum  efficiency  i.i  37  )  is  obtained  by 
:  1  ling  the  quantum  efficiency  of  these  transitions.  However  the  Csflld  to  6pl  trauMtioii  is  the  stu. latest 
::  i n ->i t i'.m  out  of  the  Cs(lld)  level.  In  fact,  there  is  a  55%  probability  that  the  radiative  bo  ay  of  tiu-  Cs(  |  u|) 
ms  will  occur  througn  534 -nm  photon  emission  Therefore,  the  quantum  efficiency  fi  r  a  gi  en  ■-■.■11  design 
an  fie  increased  by  a  factor  of  2  if  we  trap  the  534-ntn  photons  inside  our  LEOF  cell 

With  clever  optical  and  geometrical  designs,  the  reemitted  531— nm  photons  can  be  effectively  trapped 
iu-idc  the  cell  and  can,  for  all  practical  purposes,  be  assumed  to  be  completely  converted  into  violet  photons 

The  ideal  cell  quantum  efficiency  (1QE),  which  includes  the  effects  of  the  trapping  of  531— nm  photons,  is 

i.i as 
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(1) 


Total  Quantum  Kf  f  icienev  _  ,,  , 

1'-:  -  r^~BR(5  3  4  nmj  (U- 

.■  BIT  53-1  n in)  represents  the  branching  ratio  for  the  534— nm  transition. 

1  able  1  lists  the  Cs  transitions  and  their  wavelengths,  identifies  the  doubled  Nd  laser  that  can  be  turned  to 
r  trticula;  transition,  and  finally  gives  the  ideal  cell  quantum  efficiency  (IQK)  for  each  transition.  The 
■  1!  quantum  efficiencies  range  from  12%  to  19%. 

I  ::o  IQK  can  be  achieved  only  when  (1)  every  signal  photon  incident  upon  the  Cs  cell  is  absorbed  and  (2) 
■  v:.  let  photon  emitted  by  a  Cs  atom  escapes  from  the  cell.  In  a  practical  system,  neither  of  these 
us  is  strictly  valid.  Therefore  we  define  a  realizable  quantum  efficiency  (RQE)  that  accounts  for 

f  those  absorption  effects  as 


E  ■-  ■  1  -  I\A;)>  £  IQK.P(Aj),  |2) 

J  1 

:>  the  incident  signal  wavelength,  Aj  is  the  wavelength  of  violet  ( upshift ed  signal  )  photons  that  must 
:::  the  (.'»  cell  to  be  detected,  and  P(A.j)  and  P(Aj)  are  the  transmission  probabilities  for  signal 
an.!  \ u.-k-t  photons,  respectively.  The  first  factor  in  Eq.  (2)  represents  the  probability  that  an  incident 
.  :  h  will  1«?  absorbed  in  the  cell,  and  the  second  term  represents  the  probability  that  a  violet  photon 
■  ■  ■  fr  m  the  Cs  cell. 

Warning  that  the  signal  photon  bandwidth  is  much  less  than  the  absorption  linewulth.  fleer's  law  Eq. 
o.  :  used  to  calculate  an  accurate  transmission  probability,  P(A;)>  for  the  signal  photons,  as  in 


I '  -.  ■=  — n-jjs  e( A :)dj.  (3) 

:>  the  density  of  Cs(lip)  atoms,  e(A;)  is  the  absorption  cross  section  for  the  signal  photons,  and  d  is 
lace  distance  traveled  by  the  signal  photons  in  the  Cs  cell.  Because  all  the  Cs  <.eii  walls,  except,  of 
» ::e  entrance  window,  are  highly  reflecting  at  the  signal  wavelength,  the  shortest  distance  that  a  signal 
,  .■  :i  travel  and  escape  from  the  cell  is  twice  the  cell  length,  namely,  2b.  Because  the  CVtip)  level  is 
ted  by  the  absorption  of  pump-iascr  radiation,  the  required  laser  pump  power  is  set  by  defining  the 
value  of  the  transmission  probability  l’(Aj)  for  signal  photons  through  the  Cs  ceil  1  hu»  l\  \.  i  is  a 
;  ir.iineter  for  the  Cs  LEOF. 


!  he  probability  P( A ,)  that  the  violet  photons,  emitted  on  Doppler-broadened  resonance  lines,  will  escape 
the  Cs  cel!  has  been  solved  by  Kopferman  and  Tietze. *  Substituting  their  series  s -lutiuii  for  the 
d  -  rptioii  and  Eq.  (3)  into  Eq,  (2),  we  obtain  for  the  RQE 
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s,  and 
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,p:;l,ition  density  of  ground-state  Cs  ato...j,  -(Aj)  is  the  absorption  c  •'<'««  section  for  violet  photons 
:!  r  is  the  radius  of  the  Cs  cell. 


i- ;i. ally,  we  need  to  evaluate  the  laser  pump  power  required  for  our  Cs  LEOF.  In  our  simplified  model  for 
I. EOF.  we  make  the  following  assumptions:  (1)  radiative  loss  processes  are  the  dominant  decay 
f.r  excited  Cs  atoms,  (2)  the  Cs  cel]  walls  have  a  fixed  reflectivity  R,,  at  the  pump-laser  wavelength 
a ;.  1  i  3  the  Cs(tip)  population  is  uniformly  excited  in  the  cell.  Under  those  conditions,  all  of  which  are 
.if:  the  rmcrotorr  gas  pressures  of  a  Cs  LEOF,  we  need  to  replace  only  the  Cs  pump  photons  that  escape 
cel!  volume.  Then  the  minimum  laser  pump  power  required  for  a  LEOF  is 

l\  -  f  1  -  Ri,)ncp  Lirr2hv,,Aeff,  I  7) 


I.-r-  is  the  cell  volume,  hv,,  is  the  energy  of  the  pump-laser  photons,  and  A ei f  is  the  effective 
taneous  emission  coefficient  for  the  resonance-trapped  pumped  photons  in  the  Cs  cell  For  a 


Doppler— broadened  atomic  transition  and  a  long  cylindrical  cell,  by  substituting  the  equation  of  Holstein  ’ 

and  Bieberman  and  Eq.  (3)  into  Eq.  (7),  we  obtain  the  equation  for  the  laser  pump  power  required  per  unit 

area: 


where  Arai]  is  the  Einstein  A  coefficient  for  Ap  photons. 

IV.  DISCUSSION 


Both  Eqs.  (4)  and  (8)  depend  on  the  n6Sr  product  and  are  transcendental.  The  plot  of  RQE  versus  laser 
power  per  square  centimeter  of  cell  aperture  for  the  Cs  534.2-nm  transition  is  typical.  Figure  2  was  obtained 
by  evaluating  Eqs.  (4)  and  (8)  as  n6sr  was  varied.  Figures  3  and  4  are  similar  plots  for  the  other  transitions. 
The  ground-state  Cs  atom  density  and  cell  radius  product  n6S  *  r  varies  from  1010  atoms/cc  to  an  upper  limit 
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of  lll13/cc.  The  upper  limit  is  not  set  by  collisions  ’  but  instead  I  have  arbitrarily  cut  off  the  calculations  at 
a  ground  state  atom  density,  where  the  realizable  quantum  efficiency  (RQE)  is  loo  low  to  be  interesting.  For  a 

12-in  cell  diameter,  this  corresponds  to  operating  temperatures  of  between  19  and  69°C,  respectively.  The 
results  of  these  calculations  are  shown  in  Fig.  2  through  4,  where  the  lower  vapor  densities  arc  on  the  left-hand 
side  and  higher  vapor  densities  are  on  the  right-hand  side. 

As  we  move  to  the  left  on  the  curve  in  Fig.  2  through  Fig.  4,  there  is  relatively  little  change  in  the  RQE, 
but  there  is  a  significant  reduction  in  the  required  laser  pump  power.  The  relatively  slow  decrease  of  RQE  as 
the  ground-state  atom  density  is  increased  occurs  because  the  absorption  cross  sections  for  upshifted  signal 
photons,  <r(Aj),  are  low  enough  that  the  escape  probability  for  Aj  photons  varies  only  slightly  as  nc*r  is  varied. 
However,  the  rapid  reduction  of  the  required  pump  power  as  n6Sr  is  increased  is  a  direct  consequence  of  the 
much  higher  absorption  cross  section  for  pump  photons.  The  fact  that  a( A,,)  is  285  times  greater  than  the 
largest  ct(Aj)  cross  section  causes  resonance  trapping  of  pump  photons  to  become  significant  long  before  there  is 
significant  self-absorption  for  the  upshifted  signal  photons.  A  general  characteristic  of  allowed  radiative 
transitions  is  that  the  longer  wavelength  resonance  transitions  are  stronger  than  the  shorter  wavelength 
resonance  transitions.  Therefore,  for  any  LEOF  using  resonance  pumping  for  excitation,  the  required  pump 
power  can  be  significantly  reduced  through  resonance  trapping.14 

Table  II  lists  the  transition,  the  ideal  cell  quantum  efficiency  (IQE)  and  the  90%  and  50%  maximum 
realizable  quantum  efficiency  (RQE)  operating  points.  The  table  is  presented  to  illustrate  two  potential 
operating  conditions  for  a  Cs  LEOF.  Note  that  at  the  90%  maximum  RQE  points  the  pump  power  required  is 
roughly  6  mW/cm2  at  the  50%  operating  point  it  is  roughly  .8  mW/cm2  for  the  534  and  526-nm  transitions. 
The  540— nm  transition  has  its  90%  and  50%  maximum  RQE  points  at  15  and  1.9  mW/cm2,  respectively.  The 
higher  pump  power  for  the  540— nm  transition  is  a  direct  consequence  of  the  lower  Einstein  A  coefficient  for  the 
51i>-nrn  transition.  This  again  points  out  explicitly  the  dramatic  trade  off  of  RQE  versus  laser  pump  power 
possible  with  the  Cs  LEOF. 

In  this  case,  a  sufficient  increase  in  n6sr  can  cause  a  factor— of— 2  reduction  in  the  RQE,  and  this 
simultaneously  results  in  reducing  the  required  laser  puinp  power  by  a  factor  of  G.  This  is  more  than 
2-orders-of— magnitude  reduction  of  required  pump  power  for  the  Cs  LEOF  without  using  resonance  trapping 
to  recycle  the  resonant  pump  radiation.  Because  simple,  reliable,  single— frequency  laser  diodes  are 
commercially  available  from  several  vendors  at  the  tens-of-milliwatt  output  levels,  they  can  be  used  to  pump 
high-quantum-efficiency  Cs  LEOFs.  In  fact,  the  use  of  a  diode  laser  as  a  pump  source  will  make  these  filters 
practical  outside  the  laboratory  environment.  The  Cs  passive  atomic  resonance  filter  has  a  signal  bandwidth  of 
!  5  pm,  full  width— at— half  maximum  (FWHM),  however,  because  of  the  hyperfine  structure  of  the  Cs  ground 
state  there  are  several  doppler  resolved  transitions.  Only  one  of  these  transitions  will  transmit  the  signal  but 
they  will  all  transmit  noise  photons.  Therefore,  the  noise  bandwidth  is  roughly  12  pm  for  the  passive  Cs 
receiver.  Thus  for  the  Cs  passive  receiver  the  transmitter  must  be  tuned  to  within  1.5  pm,  while  noise  is 
transmitted  over  about  12  pm.  In  contrast,  for  the  alkali  LEOFs  the  noise  and  signal  bandwidths  are  both  .G 
pm,  because  the  hyperfine  structure  of  the  Cs(6p),  Rb(5p),  and  K(4p)  levels  are  much  less  than  the  doppler 
width  of  these  transitions.  Thus  a  Cs  LEOF  can  offer  six  filter  transitions  for  doubled  Nddasers  and  has  a 
noise  bandwidth  factor  of  20  less  than  the  noise  bandwidth  for  a  passive  Cs  filter.  The  ultimate  sensitivity  of 
these  devices  can,  in  principle,  be  as  sensitive  as  the  Cs  passive  atomic  resonance  filter.1 
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TABLE  I 


Cs 


Transition 

Wavelenethfnm'l 

(op2P1/2-lld2D3/2) 

534.2 

(6p2P1/2-12d2D3/2) 

525.8 

(6p2Pi/2^12S2Si/2) 

540.4 

(6p2P3/2-12d2D5/2i3/2) 

541.6 

(6p2P3/2-13d2D5A3/2) 

535.2 

(6p2P1/2-13s2S1/2) 

530.3 

Compatible  doubled 

Nd  Laser 

Ideal  Cell  Quantum 
Efficiency 

Nd.BEL 

.12 

Nd.-LNA 

.13 

Nd:LNA 

.19 

Nd:LNA 

— 

Nd.BEL 

— 

Nd:Cr:GSGG 

1)  Table  I  identifies  the  doubled  Nd  lasers  that  are  compatible  with  specific  Cs  transitions  and 
the  ideal  cell  quantum  efficiency  for  those  transitions. 


TABLE  II 

Ideal  Cell  90%  RQE  max  50%  RQE  max 


Wavelengthfnm) 

OE 

ROE 

P/Trr^fmW/cm^) 

6.5 

ROE 

P/Trr^fmVV/cm^) 

525.8 

.13 

.11 

.06 

0.9 

540.4 

.19 

.15 

1 5 

.08 

1.9 

534.2 

.12 

.12 

5.2 

.05 

0.7 

2)  Table  II  lists  the  transition  wavelength,  the  ideal  cell  quantum  efficiency  (IQE)  and  the  90% 
and  50%  maximum  realizable  quantum  efficiency  (RQE)  operating  points. 
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LOG  [LASER  POWER(W/cm2  )] 


Figure  2.  RQE  versus  laser  pump  power  for  the  534-nm  transition  when  the  cell  signal 
transmission  probability,  P(Aq),  is  0.1  and  the  reflectivity  of  the  cell  walls  at  the  pump 
wavelength,  R,  is  0.98. 
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Figure  3.  RQE  versus  laser  pump  power  for  the  526— nm  transition  when  the  cell  signal 
transmission  probability,  P(Ao),  is  0.1  and  the  reflectivity  of  the  cell  walls  at  the  pump 
wavelength,  R,  is  0.98. 


RQE 


LOG  [LASER  PO  W  E  R  (  W  /  c  m  2  )  ] 


Figure  4.  RQE  versus  laser  pump  power  for  the  540-nm  transition  when  the  cell  signal 
transmission  probability,  P(Ao),  is  0.1  and  the  reflectivity  of  the  cell  walls  at  the  pump 
wavelength,  R,  is  0.98. 
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Abstract 

A  light  emitting  diode  (LED)  monitors  the  current  of 
a  high  power  HeNe  laser.  This  LED  in  combination 
with  a  second  LED,  photodiodes  and  operational 
amplifiers  form  a  trucking  loop  which  stabilizes  the 
las.'  r. 

Key  Terms 

Feedback,  Helium/Neon,  Laser,  Stabilization,  Tracking 
Loop. 

1.  Introduction 

Much  interest  has  recently  been  shown  in  stabilizing 
gas  discharge  lasers  [1,2).  The  impetus  for  this 
pursuit  stems  from  a  wide  variety  of  new  and 
heretofore  difficult  scientific  applications:  gravity 

wave  detection  via  multiple  pass  interferometers, 
high  performance  strap  down  gyroscopes,  high 
capacity  communication  systems  and  emerging  optical 
data  processing  techniques  represent  but  a  small 
cross  section  of  the  field.  Such  systems  specify 
stringent  requirements  for  the  light  source  with 
regard  to  coherence  (spatial  and  temporal),  phase 
stability  and  narrowness  of  spectral  width. 
Commercial  manufacturers  of  gas  discharge  lasers 
have  already  demonstrated  considerable  effort  in 
stabilizing  their  products.  This  is  noted  in  the 
inherent  mechanical  integrity  provided  by  the  tube 
envelopes,  permanent  magnets  distributed  adjacent 
to  the  tube's  longitudinal  axis  for  unwanted 
(Infrared)  wavelength  suppression  and  proportional 
electronic  feedback  control  for  surrounding  case 
temperature.  This  last  method  does  much  to  thwart 
cavity  length  induced  variations  from  ambient 
changes.  As  expected,  thermal  time  constants  are  on 
the  order  of  seconds.  This  is  a  consequence  of  the 
involved  masses  (case,  heater,  thermistors  and  laser 
tube)  along  with  the  thermal  resistance  linking 
components.  Thus,  slow  variations  in  laser  output 
power  attributable  to  temperature  changes  may  be 
actively  minimized.  A  technique  exhibiting  faster 
response  times  has  recently  been  reported  which 
utilizes  a  servo  controlled  end  mirror  [2].  This 
method  invokes  a  thermally  compensated 
photodetector  to  sample  the  actual  optical  output  of 
the  laser. 

With  cavity,  case  and  thermal  designs  addressed  the 
remaining  concern  rests  with  the  characteristics  of 
the  supporting  electrical  power  source  for  the 
plasma.  The  theme  of  this  proposal  suggests  that 
the  electrical  model  of  the  laser  and  its  power 
supply  must  be  treated  as  an  integrated  electrical 
system.  Electrical  noise  will  manifest  itself  as 
optical  noise.  The  D.C.  power  source  may  be 
modelled  as  a  Thevenm  equivalent  circuit.  An 
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electrically  quiet  power  source  is  mandatory. 
However,  noise  originating  in  the  plasma  may  be 
minimized  by  exercising  control  over  the  Thevenin 
resistance  of  the  power  supply.  This  is  achieved  by 
electrical  feedback.  A  novel  method  for  monitoring 
the  plasma  current  directly  is  offered  along  with  the 
associated  tracking  controller.  The  approach  can  be 
effective  over  an  electrical  bandwidth  extending  from 
D.C.  to  beyond  20.0  Megahertz  if  the  outlined 
precautions  are  addressed.  Specifically,  the 

frequency  response  characteristics  of  all  components 
comprising  the  electrical  feedback  loop  must  be 
significantly  better  than  the  bandwidth  to  be 
controlled.  Furthermore,  electrical  connections  to 
the  laser  tube  and  the  laser  tube  itself  must  be 
treated  with  regard  to  high  frequency  electrical 
performance.  A  high  voltage  vacuum  tube  (triode  or 
tetrode)  is  located  physically  close  to  the  laser  tube 
and  provides  the  required  electrical  current  control 
as  a  shunt  element  to  a  high  impedance  power 
source.  Proper  design  rules  out  unshielded  high 
voltage  power  wire  loops  of  any  significant  (2.0  cm 
or  more)  length.  At  frequencies  of  several 
Megahertz  the  inductive  reactance  of  such  "flying 
leads"  renders  the  feedback  ineffective. 

II.  Background 

The  subject  laser  for  this  study  is  the  Spectra 
Physics  Model  907.  Intended  for  commercial 

applications  it  is  similar  to  the  more  popular  model 
107-B2.  Two  units  available  for  testing  exhibited 
TEMoo  optical  power  outputs  of  38.0  and  40.0 
milliwatts  when  operated  at  rated  current  (11.5 
milliamperes).  These  lasers  utilize  tubes  which  are 
approximately  1.0  meter  in  length.  The  surrounding 
case  is  equipped  with  a  resistive  heater.  Case 
temperature  may  be  accurately  maintained  at  any 
temperature  from  60.0  to  140.0  degrees  centigrade 
via  a  second  order  proportional  controller.  Infrared 
suppression  magnets  are  provided  along  the  length 
of  the  case.  Established  study  goals  include:  1) 
Maintain  the  highest  optical  output  power  at  632.8 
nanometers  consistent  with  tube  longevity,  2) 
Establish  a  beam  amplitude  ripple  of  less  than  0.5 
percent  over  the  range  of  40.0  Hz  to  1.0  KHz,  and  3) 
Provide  a  beam  amplitude  noise  of  less  than  0.5 
percent  over  the  range  of  10.0  Hz  to  20.0  MHz. 
These  two  final  specifications  represent  a  6.0  dB 
improvement  over  previously  demonstrated 
performance. 

Ill,  Theory 

Low  frequency  optical  power  variations  and  certain 
contributions  to  the  finite  spectral  width  may  be 
regarded  as  "sidebands"  to  a  mean  dominant 
wavelength  (i.e.  a  "carrier").  The  nonlinear 
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i  1!  of  the  plasma  then  provides  a 

MiUMit  \r»hu*U‘  iVr  heterodyning.  Minimizing 
’i  'ii  current  v  ari.it j<  ni*  therefore  results  in  a 
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•a  lv  dm.  pu  s  for  the  plasma  address 

•  i  f  <■’>  *.  ri>  al  •uitoiii  fluctuations.  Once  an 
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tv  at*  u  na\ •  Uilable.  Th«*refor«.s  the  feedback 
i  must  {»'  «*ji\ is  n  >ned  as  a  dynamic  (active) 

td:.  1  dwelled  at  mmnm/ing  current 
I  s  .iiaati' »us  .m>  originate  in  the 

e  or  tl.e  ias*-r  tube  itself. 

V,  kilovolts 


•  !!.!<>■  -.  i,  r  *  - 1  l  ■  j  > !  • '  >f  i  h>.'  laser  lube  is 

;i  }  il\.  I.  \P  .  ■  i  T'-si'iit  s  the  striking  or 
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L-.;  !,  '!•••  j  ■!;  te-hax  t;s  approximately  as  a 

•  ii  '  ■  ppII.ii/-'  g . rah  .r.  !'!»•*  fad  that  it  is  not 

•  •a!  p!t-iP.  •i"i‘  i ! ’  a,  re  v  ealed  by  a  non-zero 

.  . !  t  a  ,  :  III'P  .end  the  quiescent  point  (5.0 

c,  i :  t  i;  j  .ii  |  ae  re-. ) .  Vari.'S  I.  ii  ms  about  the 

.■it  ,  .  .1 , 1 1  on  the  operating  curve  are  the 

-ril'h-  noise  components  to  be  suppressed. 

:>!•■>  1  sugg.-sts  in  electrical  model  for  the 

it  mg  tube.  l-  ig.  2.  shows  V,  as  an  ideal 

;  *  *  s  s  voltage  generator.  The  positive  slope  is 
1 1 1 1  •  ■ .  (  fp  :•  will,  i  noiseless  resistin',  R.  All  noise 
p.i.'ipt-  ne  lumped  into  an  ideal  voltage  noise 

1  it  ■  >i  ,  \  N • 


IV.  Monitoring  Methods 

Certainly,  optical  power  variations  may  be  sampled 
with  the  aid  of  a  photodetector.  However,  these 
devices  provide  integration  over  wide  optical 
bandwidths.  Therefore,  bandwidth  reduction  from 
this  monitor  is  not  possible.  Alternately,  an  optical 
spectrum  analyzer  may  be  configured  based  upon  an 
interferometer  invoking  mechanically  imparted 
doppler  shifts.  This  is  depicted  in  Fig.  3.  The 
following  legend  is  applicable:  PET  is  a  piezo 
electric  transducer  driven  by  function  generator  Vd. 
The  transducer  displaces  mirror  M.  A  second  mirror 
M  and  beam  splitters  (B.S.)  permit  combining  a 
doppler  shifted  beam  with  a  sample  of  the  main  beam 
at  photodetector  (P.D.).  The  electrical  output  of  this 
detector  is  a  spectral  representation  of  the  optical 
output  of  the  laser.  It  may  be  displayed  directly  on 
an  oscilloscope  with  the  aid  of  synchronization 
extending  from  V ».  These  two  monitoring  methods 
are  indirect  (or  secondary)  techniques.  If  electrical 
control  is  (o  he  exercised  over  the  plasma  current,  a 
direct  (or  primary)  parameter  variations  monitor  is 
more  suitable.  If  a  light  emitting  diode  (LED)  is 
placed  m  electrical  series  with  the  laser  tube  (Fig. 
l.i,  its  brilliancy  is  a  measure  of  the  plasma  current. 
Illumination  from  this  LED  may  be  optically  coupled 
to  u  ph  ilodefertor.  Thus,  the  electrical  signal  from 
tie  pilot  odet  ec  tor  is  a  measure  of  the  plasma 
current.  High  intensity  light  emitting  diodes  and 
p  liotodetoi'lors  are  available  11)  with  frequency 
responses  extending  beyond  100.0  MHz.  This 

approach  to  measuring  plasma  current  inherently 
provides  electrical  isolation  between  the  high  voltage 
(5.0  kilovolts)  (lower  source  and  low  level  monitoring 
circuits. 


••  if  ck 

^  *  j  M 


LASER 


B.S.  BEAM  CUT 


-V— 


r.  oscilloscope 


X.  OSCILLOSCOPE 


Fig.  3.  Optical  Spectrum  Analyzer. 
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*  SERIES  LED  AT  LASER. 


Fig.  4.  Plasma  Current  Monitoring  Method. 
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V.  Power  Sources 


Commercial  power  suppl.es  for  gas  discharge  lasers 
include  two  basic  designs:  1)  Brute  fcin-e  and,  2! 

Switching.  The  brute  force  configuration  consists  of 
a  step  up  transformer  'for  operation  from  the  '0.0- 
00.0  Hr  power  mains!,  a  rectifier,  and  a  filter.  Laser 
operating  current  is  established  with  either  a  series 
ballast  resistor  or  a  current  limiting  impedance 
within  the  transformer  itself.  The  switching  system 
rectifies  and  filters  power  supplied  by  the  mains 
immediately  to  yield  low  ripple  direct  current  (D.C.). 
The  available  D.C.  is  used  to  power  a  high  frequency 
(several  to  tens  of  kilohertz)  oscillator.  This  in 
turn  drives  a  high  frequency  step  up  transformer 
followed  by  a  second  rectifier  and  filter.  High 
frequency  components  are  made  physically  small  and 
highly  efficient.  Both  designs  (brute  force  and 
switchers)  require  a  starting  circuit  which  initially 
produces  a  voltage  impulse  above  the  striking 
potential  for  the  laser  tube.  Once  established,  the 
plasma  is  maintained  at  the  quiescent  point  and  the 
"starter”  has  no  further  function.  Voltage 

multiplying  rectifier  sections  are  incorporated  into 
many  designs  to  provide  the  necessary  high 
potentials. 

Current  regulation  is  usually  applied  on  the  low- 
potential  (primary)  side  of  the  step  up  transformer. 
Ferroresonance  is  common  for  stabilizing  the  input 
voltage  to  a  brute  force  supply.  Regulation 
adjustment  applied  to  a  switching  power  supply  is  a 
form  of  duty  cycle  control:  For  example,  pulse 

width  modulation  (PWM,  constant  frequency). 


Fig.  5.  Rower  Supply  with  Wideband 
Regulation. 


The  disadvantage  associated  with  both  of  these  low- 
level  regulation  schemes  manifests  itself  with  slow 
(milliseconds  to  seconds)  speed  of  response.  Voltage 
step  up  transformers,  low  pass  filters  and  current 
limiting  devices  all  have  extremely  limited  frequency 
responses.  Thus,  a  high  level  wideband  current 
regulation  scheme  is  proposed  (Fig.  5.1.  This  system 
presumes  that  a  voltage  higher  than  the  required 
laser  operating  potential  is  available  and  that  the 
plasma  has  already  been  established.  The  output 
impedance  of  the  high  voltage  power  supply  is  made 
deliberately  high  with  the  addition  of  a  series 
resistance.  A  vacuum  tube  shunting  the  laser  thus 
exercises  control  over  the  plasma  current.  The 
tracking  controller  shown  in  Fig. 6.  provides  the 
required  interface  between  the  aforementioned 
LED/photodetector  combination  and  the  high  voltage 
vacuum  tube  regulator.  The  tracking  controller 


actually  supports  two  negative  feedback  hups.  "I,-- 
external  loop  obviously  adjusts  plasma  current.  The 
internal  loop,  however,  consists  *  ■!’  ■  S'-cn,.  ! 

I  FD/photOiietector  coinbmnl  in, :  mil  '  ran.-  impedance 

amplifier  ide  il  ical  lo  1  he  LED/photodetector  and 
amplifier  used  to  monitor  the  plasma  current.  The 
output  signals  of  both  amplifiers  is  compared  in  a 
third  difference  amplifier.  The  difference  signal 
supplies  current  to  subsequent  transistor  amplifier 
stages  which  control  the  vacuum  tube  grid  voltage 
and  the  current  to  the  second  LED.  Thus,  the 
brilliancy  of  the  second  LED  "follows"  the  brilliancy 
of  the  first  LED.  The  known  nonlinear  effects  of 
the  optoelectronic  components  are  thus  minimized  by 
this  tracking  and  comparison  action. 

Tt  must  be  stated  that  all  optoelectronic  devices  and 
amplifiers  must  support  a  frequency  bandwidth  in 
excess  of  100.0MHz.  Many  commercially  available 
high  frequency  solid  state  amplifiers  are  suitable. 
External  frequency  compensation  is  required.  With 
regard  to  high  volta«-e  vacuum  tubes  the  situation  is 
also  encouraging.  A  popular  Variao  tetrode 

(4CX250B)  has  been  tested  as  a  suitable  candidate. 
This  device  will  operate  up  to  000.0  MHz. 


Fig.  6.  Tracking  Controller. 


VI.  High  Frequency  Considerations 

System  implementation  is  supported  by  the 
availability  of  optoelectronic  devices  responding  to 
high  modulation  frequencies  and  the  availability  of 
wideband  amplifiers.  Therefore,  overall  success  of 
performance  depends  on  the  proper  interface  of 
components.  Adherence  to  high  frequency 

fabrication  techniques  is  mandatory.  This  includes 
ground  plane  establishment,  physically  short 
interconnections  and  proper  placement  of 
components.  The  complete  system  must  be  colocated 
with  the  laser  head  itself.  Additionally,  the  laser 
tube  must  be  electrically  treated  to  support  high 
frequency  signals  introduced  on  the  high  voltage 
power  feed.  The  conductive  length  of  the  laser  tube 
possesses  considerable  inductive  reactance  al  high 
frequencies.  This  undesirable  characteristic 

prevents  efficient  transmission  of  high  frequency 
signals.  A  suggestion  to  remedy  this  effect  employs 
a  conductive  sleeve  around  the  laser  tube1.  Such  a 
sleeve  may  be  formed  with  the  external  application 
of  a  chemical  compound  which  is  elect  ideally 
conductive.  Aquadag  is  a  commercially  available 
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product  suitable  for  this  purpose.  The  coaxial 
geometry  established  by  the  plasma  and  the  sleeve 
constitutes  an  RLC  transmission  line.  With  proper 
termination,  high  frequency  system  performance  is 
established. 


YU.  Summary 

This  report  presents  feedback  control  concepts  and 
high  frequency  concerns  as  applied  to  stabilizing  a 
gas  discharge  laser.  Subsections  supporting  the 
system  have  been  individually  tested  with  expected 
results.  Further  study  will  attempt  operation  of  the 
complete  system.  At  that  time  overall  performance 
will  be  noted,  documented  and  reported.  The 
authors  wish  to  acknowledge  with  much  appreciation 
support  provided  by  Mr.  Jim  Nyikos.  Discussions 
with  many  persons  at  Spectra  Physics  proved 

motivating  and  enlightening. 
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Abstract 


Combination  of  a  Q-switch  modulator  and  an  optical  second  harmonic  generator  in  the 
same  crystal  promises  to  be  a  useful  way  of  laser  operation  with  high  efficiency  second 
harmonic  output.  Basic  e.o.  problems  in  development  of  the  combined  Q-switched  frequency 
doublers  are  presented. 


1. Introduction 


Optimum  electrooptic  cuts,  i.e.  crystal  samples  oriented  to  have  minimum  half-wave 
voltages,  were  theoretically  analyzed  earlier1*2 Recognizing  that  the  optimum  orien¬ 
tations  of  KDP  (potassium  dyhidrogen  phosphate) -type  single  crystals  are  near  to  tne 
I. type  (ooe)  phase-matching  directions  (Fig.l.)  for  optical  second  harmonic  generation 
(SHG;,  the  idea  of  combining  a  Q-switch  modulator  and  an  optical  SHG  has  been  emerged: 


Fig.l.  Orientation  of  optimum  and  SHG  cuts  and  data  for  comparison. 


The  SHG  crystal  supplied  with  electrodes  (Fig.l.)  is  placed  in  the  laser  cavity  between 
a  polariser  euid  the  rear  mirror.  The  crystal  is  aligned  for  SHG  direction.  If  a  voltage 
of  quarter-wave  is  applied  on  the  crystal,  the  laser  is  closed.  At  desired  level  of 
population  inversion  the  voltage  is  suddenly  removed  (switch-off  operation)  and  devel¬ 
opment  of  the  laser  pulse  starts  with  a  simultaneous  conversion  of  the  fundamental  into 
the  SH  wavelenght. 

Inspite  of  simplicity  in  the  principle  of  the  combined  Q-switch-SHG  operation,  several 
problems  arise  in  practical  performance  of  electrooptic  operation  and  also  in  development, 
conversion  and  coupling  out  of  laser  pulses.  Problems  concerning  Q-switch  operation  will 
be  considered  here,  while  the  letters  are  to  be  discussed  somewhere  else.^' 


2. Influences  of  birefringence  on  the  electrooptic  operation 


Unfortunately,  birefringence  of  oblique  cut  KDP  frequency  doubler  can  significantly 
restrict  the  Q-switch  operation.  When  light  propagates  obliquely  to  the  optic-axis  short¬ 
comings,  such  as  increased  temperature  sensitivity,  decreased  extinction  and  ray  walk-off 

*^Th*  research  has  been  sponsored  by  the  National  Research  Found  of  Hungary  under  grant 

nmaber  446/86. 
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caused  by  natural  birefringence  influence  on  the  electrooptic  operation.  Since  the 
benefit  of  combination  of  Q-switching  and  SHG  in  a  single  element  would  be  conversion  of 
laser  radiation  without  increase  of  the  number  of  the  optical  elements  in  the  laser  reso¬ 
nator  it  should  be  avoided  to  apply  methods  which  use  additional  elements  for  birefringen¬ 
ce  compensation. 

The  following  possible  influences  by  birefringence  on  electrooptic  operation  has  been 
considered  and  experimentally  investigated: 

-  ray  walk-off 

-  alignment  of  the  crystal 

-  temporal  and  spatial  variations  of  temperature 

-  parallelism  of  optical  faces 

-  grown  in  birefringence  nonuniformities. 


3. Experiments  and  discussion 


For  considering  the  aspects  of  birefringence  compensation  one  of  our  standard  fre¬ 
quency  doubling  KDP  cut  used  earlier  to  convert  the  near  infrared  output  of  a  high-power 
Nd-glass  laser  to  visible4'  has  been  examined.  The  experiments  are  performed  in  the 
common  crossed  polariser  intensity  arrangement.  The  incident  He-Ne  beam  is  polarised 
along  the  bisector  of  the  X]_  and  X2  axes.  The  intensity  of  the  transmitted  light  is 
measured  by  a  photomultiplier. 

Two,  normalized  modulator  characteristics  are  depicted  in  Fig.  2.  One  of  them  is 
taken  with  the  narrow,  1  mm  diameter  beam  of  a  He-Ne  laser.  The  second  one  (dotted  line) 
is  measured  with  an  expanded,  collimated  beam  filling  the  full  aperture  of  the  crystal. 

It  is  worth  remarking  the  good  agreement  of  the  measured  half-wave  voltage  with  the  calcu¬ 
lated  one. 

J 


Fig. 2. Normalized  modulator  characteristics 


The  influences  ou  the  electrooptic  behaviour  of  the  SHG  crystal,  as  mentioned  above, 
result  from  the  fact  that  the  light  propagates  along  a  birefringent  direction. 


3.1  Ray  walk-off 


The  poor  extinction  with  the  narrow  laser  beam  is  partially  due  to  the  ray  walk-off, 
i.e.  separation  of  directions  of  the  ordinary  and  extraordinary  rays.  This  effect  is 
decreased  by  beam  expansion,  when  the  rays  can  interfere  because  of  their  overlapping. 
This  condition  is  usually  fullfilled  in  modulator  crystal  with  higher  aspect  ratio. 
Nevertheless,  in  the  case  of  switch-off  Q-switching  operation,  when  the  crystal  is 
crossed  twice  by  the  light,  the  walk-off  developed  in  the  first  pass  will  be  automati¬ 
cally  compensated  after  the  refleciton  on  the  rear  mirror  during  the  reversed  crossing 
of  the  crystal. 

However,  it  seems  to  be  more  complicated  to  avoid  other  influences  of  birefringence. 


3.2  Alignment  of  crystals 


The  alignment  of  the  Q-switch-frequency  doubler  crystal  in  the  laser  cavity  is  exclu¬ 
sively  determined  by  the  orientation  condition  of  SHG,  i.e.  the  light  must  be  progagated 
along  the  phase  matching  direction. 


3.3  Temperature  and  angle  tuning  of  the  electrooptic  working  point 


Due  to  the  birefringent  SHG  orientation  the  linearly  polarised  fundamental  light 
arrives  back  at  the  polariser  usually  polarised  elliptically,  therefore  the  resonator 
will  be  only  partially  opened  after  switching  off  the  closing  voltage.  To  ensure  the 
optimum  condition  for  development  of  giant  pulse  we  must  tune  the  working  point  of  the 
electrooptic  modulator  to  total  opening  when  no  voltage  is  applied. 

Retardation  determining  the  ellipticity  is  expressed  as 


r--£*K.T)  i 


where  L  and  A  are  the  lenght  of  the  crystal  and  the  wavelength,  respectively.  The  angle 
-  and  temperature —dependent  effective  birefringence  in  good  approximation  is  given  by 
fhe  following  expression  where  the  temperature  dependence  is  implied  in  the  (ne-n0) 
birefringence: 


An(v*  l )-  (rynjsin1^ 


(2) 


Really,  tuning  the  working  point  by  slowly  heating  the  crystal  or  changing  the  angle  for¬ 
med  by  the  beam  direction  with  the  optic  axis,  a  regular  oscillation  of  the  transmitted 
light  intensity  is  observed.  The  period  of  the  oscillation  is  estimated  in  the  order  of 
1°K  and  0.1  respectively.  The  observed  values  are  in  agreement  with  the  "half-wave  tem- 
perature"of  1.05°K  and  "half-wave  angle"  of  0°.032  obtained  from  calculations  based  on 
temperature  and  angle  dependence  of  the  effective  birefringence.  The  calculated  values 
can  be  considered  as  upper  limits  under  which  the  correct  working  point  can  be  set  by 
tuning  the  birefringence. 


3.4  Influence  of  parallelism  of  optical  faces 


Inspite  of  expectations  no  significant  improvement  of  extinction  ( Im-in/Im«T)  by  cor¬ 
rect  setting  the  working  point  is  obtained.  It  is  probable  due  to  no  satisfying  parallel¬ 
ism  of  optical  faces.  In  principle,  from  a  rough  estimation  an  extinction  1:'25  requires 
for  the  dimensions  of  our  sample  a  parallelism  of  about  10  seconds. 


3.3  Effect  of  grown-in  nonuniformities 


In  addition,  grown-in  nonuniformities  of  birefringence  can  result  in  further  spoiling 
of  extinction.  Probably  in  good  optical  quality  KDP  crystals  this  effect  can  be  neglected. 


3.6  Temporal  and  spatial  variation  of  temperature 


Recalling  the  role  of  temperature  the  effect  of  stationary  temperature  distribution 
and  that  of  the  temperature  fluctuations  must  be  distinquished.  Neither  of  them  is  ob¬ 
served  in  our  experiments.  According  to  the  best  1:15  extinction,  variations  of  tempera¬ 
ture  as  high  as  0.3°K  could  be  allowed. 


4. Conclusions 


Due  to  the  oblique  cut  the  Q-switch  operation  will  be  restricted  by  the  natural 
birefringence  as  compared  with  the  conventional,  optic-axis  cut  modulators.  Shortcomings 
by  natural  birefringence  such  as  increased  temperature  sensitivity  and  spoiling  of  ex¬ 
tinction  could  be  improved  by  temperature  stabilization,  angle  tuning  and  careful  proc- 
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easing  of  the  combined  element. 

On  the  other  hand,  explotation  of  the  transversal  driving  configuration  offers  opera¬ 
tion  at  lower  voltages  by  elongation  of  the  optical  path.-'T  However,  the  elongation 
results  in  increased  temperature  and  angle  sensitivity. 
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Abstract 


Phenomena  of  Piezo-Electrically  induces  Strain-Optic  (PESO)  effects  in  linear  electro¬ 
optic  crystals  are  rewieved.  Disturbance  of  PESO  influences  on  the  operation  of  electro- 
optic  devices  is  discussed,  and  simple  methods  for  suppressing  these  effects  are  demon¬ 
strated.  Utilization  of  PESO  phenomena  for  control  of  laser  radiation  is  proposed. 


1. Introduction 


Piezo-Electrically  induced  Strain-Optic  (PESO)  effects  can  significantly  influence  the 
optical  response  of  linear  electrooptic  crystals  to  electric  fields.  The  way  these  proc¬ 
esses  affect  the  optical  response  is  determined  by  the  electromechanical  acoustical,  and 
optical  parameters  of  the  crystal  samples.  In  addition,  the  optical  behaviour  of  the 
electrooptic  devices  depends  sensitively  on  the  orientation,  shapes,  and  size  of  the 
electrooptic  samples  and  temporal  characteristics  of  driving  signals. 

Influences  by  the  PESO-phenomena  on  operation  of  electrooptic  devices  may  be  inter¬ 
esting  in  two  practical  aspects.  On  the  one  hand,  acoustic  waves  generated  by  the  elec¬ 
trical  driving  signals  can  strongly  disturb  the  electrooptic  control  of  light  via  the 
strain-optic  effect.  At  driving  frequencies  in  the  range  of  piezoelectric  resonances,  a 
regulated  control  is  hardly  possible  without  special  preparation  of  the  electrooptic 
samples1'1.  Switching  operation  of  electrooptic  modulators  is  often  limited  by  transient 
piezooptic  inf luences2^ .  On  the  other  hand,  by  utilizing  these  effects,  special  low 
voltage  modulator  operating  at  piezoelectric  resonances  can  be  developed^1 . 


2. PESO  influences  on  electrooptic  operation 


In  the  early  70’ s  numerous  reports  concerning  disturbing  PESO  influences  on  the  opera¬ 
tion  of  electrooptic  devices  were  published.  Characteristic  influences  observed  by  our 
group  in  longitudinal  Z-cut  samples  made  of  KDP  (potassium  dihydrogen  phosphate)  and 
isomorph  crystals  are  shown  in  Figure  1.  Figure  l.a.)  shows  the  light  transmission  of  a 
0°  Z  KDP  cell  (dimensioned  15x15x25  mm3  and  supplied  with  end-plate  electrodes  with  a 
13  mm  circular  aperture  opening)  between  crossed  polarisers.  The  exposure  light  is  from 
a  Q-switched  ruby  laser  with  a  delay  of  2  microseconds  after  switching  on 
the  cell  a  driving  pulse  of  12  kV  and  500  nsec  (The  photo  is  the  3rd  frame  of  a  "cine- 
film"  on  acoustic  propagation  taken  in  1  microsecond  steps  on  shot  by  shot  basis'^) • 

Figure  l.b.)  is  the  light  transmission  distribution  along  the  diameter  of  the  circular 
aperture  detected  by  a  linear  array  of  silicon  photodiodes^) ;  Figure  Lc.)is  the  response 


a. ) 


Figure  1.  PESO  influences  in  longitudinal  KDP  Z-samples 


a 

The  research  has  been  sponsored  by  the  National  Research  Found  of  Hungary  under  grant 
number  446/86. 
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of  a  cylindrical  ADP  cell  (diameter  of  12  mm  and  length  of  25  mm)  with  ring  electrodes  to 
the  12  kV,  500  nsec  driving  pulse.  The  light  is  a  narrow  (1  mm)  He-Ne  beam  incident  on 
the  middle  of  the  aperture1)}  Figure  l.d.)  is  the  averaged  transmission  distribution  due 
to  the  1st  overtone  (3rd  harmonics)  of  piezoelectric  vibration  of  a  0°  Z  ADP  sample1). 
(The  photo  was  taken  in  an  expanded  He-Ne  beam;  it  is  worth  to  notice  that  the  transmis¬ 
sion  of  the  sample  of  15x15x25  mm3  dimensions  is  4-fold  overdriven  by  the  low  voltage, 

20  V  amplitude  RF  signal  at  the  138,7  kHz  resonance  frequency.) 

The  piezoelectrically  induced  acoustic  waves  due  to  the  strain-optic  effect  not  only 
disturb,  but  in  unfortunate  situation  can  make  impossible  the  normal  way  of  electrooptic 
operation.  Unfortunately,  the  best  electrooptic  materials,  such  as  KDP-type  crystals  used 
to  control  of  operation  of  high  power  solid-state  lasers,  LiNb03,  a  versatile  material 
for  electrooptic  modulation  in  the  visible  and  near-infrared,  and  CdTe,  a  perspectivic 
electrooptic  material  at  CO2  wavelength,  are  strongly  piezoelectric. 

The  operation  of  electrooptic  devices  made  of  these  electrooptic  crystals  is  disturbed 
by  the  PESO  effects  in  the  time  range  of  travelling  time  of  acoustic  waves  across  the 
crystals.  The  characteristic  range  is  in  the  microsecond  and  submicrosecond  order  of 
magnitude  depending  on  the  dimensions  of  the  modulator  crystals.  In  frequency  domain  the 
PESO  resonances  are  in  the  0.1-10  1,1Hz  range. 


3 .Conventional  methods  for  reduction  of  PESO  influences 


As  a  practical  way  to  reduce  the  effect  of^-acoustic  waves,  a  mechanical  clamping  of 
the  modulator  crystals  was  very  early  applied0’ '.  Clamping  by  stiffening  the  crystal 
decreases  the  amplitude  of  acoustic  generation  and  shifts  the  piezoelctric  resonances  to 
the  higher  frequency  range.  Shortcomings  of  induced  mechanical  stresses  and  contributed 
technological  treatments  make  it  inconvenient. 

Other  methods,  such  as  embedding  the  modulator  crystal  in  acoustically  absorbing 
enviroment8)  or  deposition  of  acoustically  matched  antireflective  layers  on  the  faces  of 
the  crystal')  were  also  reported. 

Instead  of  rectangular  modulator  crystals,  cylindrical  ones  were  used  in  longitudinal 
Z-cut  KDP-type  modulators8) .  Only  moderated  improvement  was  obtained.  However,  shaping 
the  modulator  crystal  slightly  conical  and  embedding  it  in  silicon  rubber  bed,  a  fairly 
good  suppression,  in  the  range  of  lower  frequencies,  was  achieved.  Due  to  the  cylindrical 
and  conical  shaping,  excess  technological  treatments  are  required. 

Trials  are  known,  which  treate  the  problem  in  the  aspects  of  electronic  driving. 

LiNb03  and  DKDP  Q-switches  in  voltage  switch-off  regime  were  switched  to  biased  voltages 
to  compensate  optical  bias  by  slowly  releasing  piezoelectric  stresses8).  Shaping  of  laser 
pulses  with  programmed  driving  to  balance  the  PESO  influences  was  also  reported10) 

limitations  in  time  and  place  restrict  further  discussion  of  solutions  reported  so  far. 
However,  it  is  tought  that  problems  on  PESO  influences  just  today  often  emerge.  Disturb¬ 
ing  resonances  observed  in  the  1-10  MHz  range  in  CdTe  modulators  devoted  for  intersatel¬ 
lite  communication  links  were  earlier  reported1!).  According  to  our  knowledge,  a  satis¬ 
factory  suppression  of  these  influences  has  not  been  solved  yet12).  Data  on  unsatisfac¬ 
tory  PESO  behaviour  of  electrooptic  modulators  can  be  found  in  the  up  to  date  catalogues 
of  leading  electrooptic  firms  as  well. 

Following  up,  methods,  simple  in  principle  and  technology,  will  be  demonstrated  for 
reduction  of  PESO  influences. 


4. Reduction  by  orientation,  shaping,  and  dimensioning 


The  prevention  of  intense  acoustic  generation  by  orientation  of  electrooptic  samples 
is  considered.  Due  to  the  fact  that  KDP  longitudinal  Z-cuts,  independently  of  the  orien¬ 
tation  of  their  lateral  faces,  are  electroopt ically  equivalent  to  each  other,  search  for 
lateral  face  orientations  with  reduced  acoustic  wave  generation  was  performed.1)  Consid¬ 
ering  that  results  only  for  0°Z  and  45°Z  lateral  face  orientations  are  reported,  the 
effect  of  the  orientation  of  plane  lateral  faces  on  the  acoustic  generation  has  been 
analitically  investigated. 

Really,  as  the  result  of  calculations  shows  in  Figure  2.,  the  efficiency  of  the 
acoustic  generation  exhibits  a  significant  dependence  on  orientation.  A  couple  of  shear 
( T: transversal)  and  compression  (L: longitudinal)  waves  is  generated  with  displacement 
vectors  in  the  XY-plane.  The  strain  generated  by  unit  driving  voltage  on  a  free,  plane 
lateral  face  is  illustrated  as  a  function  of  ,  the  angle  formed  by  the  X-axis  and  the 
normal  of  the  lateral  face.  The  direction  dependence  of  the  inverse  phase  velocity  is 
also  depicted. 

A  significant  reduction  is  expected  by  change  of  the  conventional  0°  orientation  of 
the  lateral  face  to  the  45°  orientation.  To  demonstrate  it,  pulse  response  oscillograms 
are  shown  in  Figure  3.  For  comparison  the  pulse  response  of  the  cylindrical  ADP  Z-cut 
is  also  depicted  (To  have  better  resolution  ADP  crystals  of  high  piezoelectricity  are 
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used:  see  that  the  PESO  response  of  the  0°  Z-cut,  inspite  of  that  amplitude  of  the  driv 
ing  pulse  is  under  the  dynamical  half-wave  voltage,  is  overdriven) 


Figure  2.  Orientation  dependence  of  strain  and  inverse  phase  velocity 


At  first,  comparison  of  2nd  peaks  of  the  1st  and  the  2nd  oscillograms  is  considered. 
They  are  PESO  openings  of  the  closed  modulators  due  to  the  plane  waves  crossing  each 
other  in  the  middle  of  the  aperture.  The  amplitude  and  delay  of  the  PESO  peaks  determined 
from  the  oscillograms  agree  well  with  the  analytical  calculation.  The  physical  inter¬ 
pretation  of  the  lower  amplitude  and  the  earlier  appearance  of  the  PESO  peak  in  the  case 
of  45°  orientation  is  reasonable:  45°  compression  waves  are  of  lower  amplitude  and  higher 
velocity  than  0°  ones  owing  to  higher  resistance  of  the  crystal  against  compression.  The 
3rd  oscillogram  taken  with  the  cylindrical  crystal  of  Figure  l.c.)  demonstrates  a  moder¬ 
ated  reduction  of  amplitude  and  a  broadening  the  PESO  peak  as  it  can  be  concluded  from 
the  orientation  dependence.  0 

The  fairly  high  3rd  opening  and  the  small  amplitude  4th  one  of  the  45  response  have 
been  experimentally  identified  as  the  effects  of  two-dimensional  shear  waves  generated  in 
the  edge  region  of  the  lateral  faces.  The  waves  causing  the  4th  peak  must  be  pure  shear 
waves  generated  just  on  the  edges,  according  to  their  travelling  time.  The  high  amplitude 
acoustic  waves  giving  rise  to  the  3rd  peak  and  rather  spoiling  the  improvement  expected, 
seem  to  be  generated  in  narrow,  near  edge  regions.  The  assumption  is  confirmed  by  the 
oscillograms  shown  in  Figure  4.  taken  with  a  sample  of  15mm  x  25mm  rectangular  aperture 
instead  of  the  20  mm  x20mm  square  cross  sections  of  the  0°  and  45°  samples.  The  effect 
of  the  near-edge  waves  is  separated  into  two  weaker  peak. 

Further  improvement  can  be  achieved  by  inclination  of  the  laterral  faces  to  the 
Z-axis  when  the  length  of  overlapping  of  the  acoustic  waves  along  the  optical  path  will 
decrease.  In  such  a  way  distribution  of  the  PESO  effect  of  obliquely  propagating  acoustic 
waves  can  be  ensured  as  it  can  be  seen  in  the  last  photo  of  Figure  4. 

Similar  or  higher  degree  of  reduction  is  observed  in  the  case  of  periodical  driving. 
Only  by  orientation,  shaping,  and  dimensioning,  improvement  more  than  two  order  of  mag¬ 
nitude  can  be  achieved. 
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Jeparation  of  the  effect 


5.  Multi-element  modulators  with  distributed.  PESO  influences 


A t.  universal  method  for  reduction  of  PECO  influences  on  operation  of  modulators  con¬ 
sisted  of  two  or  more  electroopt ical  elements  has  been  developed^) .  in  contrary  with 
conventional  multi-element  electrooptic  modulator  constructions,  used  often  to  decrease 
driving  voltage  or  compensate  birefringence,  when  identical  electrooptic  crystal  samples 
are  applied,  the  modulating  elements  must  construct  to  be  different  in  their  PESO  re¬ 
sponse. 

simplicity  of  the  method  can  be  easily  demonstrated  in  the  frequency  domain,  i'he  modu¬ 
lator  crystals  are  optically  arranged  seriesly,  but  electrically  are  connected  parallel. 
The  required  driving  voltage  will  be  proportional  inversely  to  the  number  of  modulator 
crystals  because  of  summation  of  the  electrooptic  effects,  i.e.  phase  shift  or  retard¬ 
ation.  Preserving  the  identical  electrooptic  behaviour  of  the  modulator  crystals,  the 
dimensions  determining  the  piezoelectric  resonance  vibrations  are  varied  to  detune  gradu¬ 
ally  the  piezoelectric  resonances  of  the  individual  modulator  crystals.  .Vhereas ,  the 
direct  electrooptic  effect  of  the  individual  modulator  crystals  is  summed  up,  the  PESO 
contributions  are  distributed  over  a  broad  frequency  range  with  amplitudes  inversely 
proportional  to  the  number  of  modulator  cells  owing  to  the  decreased  driving  voltage. 

Influence  of  PESO  transients  generated  in  electrooptic  shutter  operation  similarly  can 
be  distributed  over  the  aperture  by  proper  dimensioning  the  transverse  (aperture)  sizes 
of  the  individual  electrooptic  elements.  The  more  the  number  of  the  elements,  the  higher 
the  reduction  will  be. 


6.  On  possible  role  of  PESO  phenomena  in  control  of  laser  radiation 


The  possibility  of  low  voltage  light  modulation  with  PESO  modulators  working  at  piezo¬ 
electric  resonances  was  very  early  recognized.  Cince  the  beginning  of  systematic  search 
for  laser  radiation  control^devices ,  a  respectable  number  of  reports  on  different  PESO 
devices  has  been  published."1 2 3 4 5' 

Inspite  of  the  benefit  of  low  voltage  modulation  and  simple  construction,  PECO  devices 
are  hardly  applied  in  laser  technique.  Pobable  it  is  due  to  modulation  of  narrow  bandwith 
at  discrete  frequencies,  nonuniform  transmission  owing  to  the  resonance  patterns  of  stand¬ 
ing  wave  vibrations  and  also  the  moderated  efficiency  of  generation  of  higher  frequency 
vibrations. 

However,  it  is  believed  that  there  are  regimes  of  laser  control  where  PECO  devices 
could  be  applied.  A  comprehensive  survey  of  earlier  experiences  and  recent  attempts  to 
exploit  the  benefits  of  PECO  phenomena  in  control  of  laser  radiation  are  to  be  published. 
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ABSTRACT 

Optimum  filter,  decision  threshold  and  local  oscillator  power  for  binary  ASK-coherent  optical  receiver 
have  been  obtained  using  calculus  of  variation.  The  optimisation  is  to  minimise  the  probability  of  error 
(Pe)  in  the  presence  of  laser  phase  noise  (LPN) ,  shot  noise,  ISI,  dark  current  and  coloured  Gaussian  thermal 
noise . 


1  -  INTRODUCTION 

Generally  coherent  optical  communication  systems  are  very  sensitive  to  the  laser  phase  noise  of  the 
transmitting  and  local  lasers.  It  has  been  experimentally  demonstrated  that  an  optical  heterodyne  ASK 
system  can  tolerate  a  relatively  large  phase  noise  varaince  within  the  transmitter  and  local  oscillator  [1]. 
However,  as  the  optical  source  power  is  very  small  (of  order  of  a  mW) ,  the  received  power  available  for 
detection  purpose  will  be  quite  small.  The  detection  process  is  accompanied  by  various  types  of  impairments, 
this  fact  necessitates  a  very  careful  design  of  the  receiver  for  ASK-optical  heterodyne  communication 
system. 

To  accomplish  the  receiver  optimisation,  the  laser  phase  noise  has  been  assumed  to  have  a  zero-mean 
Gaussain  probability  density  function  of  variance  Vy  . 

This  paper  gives  a  systematic  approach  for  the  design  of  a  near  optimum  digital  receiver  for  optical 
heterodyne  ASK  signalling  scheme.  This  receiver  is  near  optimum  in  the  sense  that  it  provides  a  performance 
of  lowest  Pe . 


2  -  RECEIVER  ANALYSIS  AND  THE  PROBABILITY  OF  ERROR 
We  assume  a  receiver  model  of  the  form  in  figure  (1). 


Figure  1.  Laser  receiver  model 


The  optical  pulses  are  detected  and  the  decision  unit  samples  the  filter's  output  every  T  second  to 
determine  the  values,  deciding  upon  ai  "1"  or  "0"  in  accordance  with  the  sampled  value  being  above  or 
below  the  threshold  F.  The  signal  processing  involves  some  errors  caused  by:  (1)  laser  phase  noise; 

(2)  shot  noise;  (3)  photodiode  multiplication  noise;  (A)  ISI  and  (5)  thermal  noise.  In  the  model  of  figure 
(1),  the  input  to  the  decis'on  device  is  due  to  the  sum  of  independent  contributions  from  the  signal  optical 
power  and  various  noise  components  in  such  optical  receiver.  At  the  receiver  end  the  rate  of  signal  photon 
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arrival  is 


+°° 

Yt  (t)  =  (Pg/hu)  aiP(t-iT) 


(1) 


where  is  the  received  pulse  amplitude,  which  has  one  of  the  binary  values  (1,0).  P(t)  is  the  received 
optical  pulse  shape,  ho  is  the  photon  energy.  T  is  the  pulse  duration. 

V/ion  th°  !  -  nl  ..-!.;cr  :  s  cw  r  iupJ".g  and  F~.irly  stable  in  its  output  power  Pj_,  the  rate  of  photoelectric, 
generation  from  the  photodiode  (with  wide  bandwidth)  is  given  by: 

Yr  ( t )  = (nG/hu i p)  (2pspL)i  cosy  a^  P(t-iT)  .  (2) 

G  is  the  average  avalanche  gain  (in  case  of  PIN-photodiode  G=l),  n  is  the  detector  quantum  efficiency  and 

y  =  wlf.  t  +  a  .  (3) 

w.j.  is  the  frequency  difference  between  the  local  laser  (LO)  output  and  the  received  signal  photon  frequency, 
a  accounts  for  any  phase  mismatch  due  to  the  phase  noise  at  the  mixing  surface  between  the  LO  and  the  coming 
optical  signal.  Ps  is  the  received  optical  power. 

The  wanted  signal  component  Ys(t)  at  the  input  of  the  decision  unit  is  given  as  follows: 

4  't’CO 

Ys(t)  =  (nG/hu)  (2PSPL)  '  cosy  ^  P(t-iT)*h(t)  .  (4) 


*  stands  for  convolution  and  h(t)  is  the  filter  impulse  response.  The  total  noise  variance  of  both  states 
(ON  (1)  and  OFF  (0)  are  [2] 

V2  =  V2  +  V2  +  V2  +  V2  . for  OFF-state 

o  os  L  d  th 

.  (5) 

V2  =  V2  +  V2  +  v2  +  V2  . for  ON-state 

1  Ls  L  d  th 

where  V2g  is  the  signal  shot  noise  variance  and  given  as: 

V2s  =  2DPg  G2+XB  Jyc  (t)  h2  ( t-t )  dt  .  (6) 

(all  integration  signs  are  understood  to  have  -«>  to  +<*  limits)  where  D=(n/hu)  and  B=l/T. 

The  local  laser  shot  noise  variance  is: 

V2  =  2D  P  G2+X  B  I  h2(t)  dt  .  (7) 

L  L  / 

The  shot  noise  due  to  the  multiplied  dark  current  is  given  by  following: 

2  2+x  I  2 

Vd  =  2DPd  G  B  /  h  (t)  dt  .  (8) 

where  Pj  is  the  equivalent  power  due  to  the  dark  current. 

The  coloured  zero-mean  Gaussian  thermal  noise  has  a  variance 

V2h  =  N0  B  J( h2(t)  +  (h2(t)  /  W2))  dt  .  (9) 

where  N0  and  W2  are  some  parameters  related  to  the  type  of  preamplifier. 


When  the  laser  phase  noise  is  considered  as  an  independent  source  of  noise  and  has  a  zero-mean  Gaussian 
pdf  [3]  then  the  average  Pe  will  be: 
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2  221/2 

Pe  =  (P[/2)  erf c  [  ^  -  F)/(2(V*  +  V£,  Y*))  } 

+  (P0/2)  erf c  [ (F  -  Y0)/(2(V*  +  f  Y^  ))1/2  ] 


(10) 


where  P.  is  the  probability  of  sending  j=(l,0).  In  the  above  equation  obviously  there  is  no  possiblity 
iu  elmihate  compiet<-I.>  kl._  effect  cf  IK  by  increasing  the  optical  power.  Heaver,  it  would  be  possible 
to  mitigate  this  effect  by  the  proper  choice  of  the  extinction  ratio. 


3  -  RECEIVER  OPTIMISATION 

According  to  equation  (10)  Pe  is  a  function  of  the  decision  threshold  F0  local  laser  power  Pp  and  a 
functional  of  the  filter  impulse  response  h(t).  The  optimum  receiver  will  now  be  defined  by  minimising  Pe 
relative  to  these  parameters. 


3-1  Optimum  Threshold 

The  optimum  threshold  F0  will  minimise  Pe  such  that: 


(Vi  -  F0)2 

(v?  +  V  Yi> 


(F0  -  Y0): 


<Vo  +  V^Y*) 


r  (Vl  +  V  V  -I 

=ln  - 

L  ,..2  .2  2.  1/2  _  J 


1/2 


(Vo  +  Yo> 


(ID 


When  best  sensitivity  to  be  achieved  the  shot  noise  due  to  the  local  laser  illumination  should  dominate 
over  all  other  source  of  noise.  This  implies 

vl  =  Vo  *  VL  and  VL  »  V  Yl  ’  V  Y° 

then , 

F o  =  (Yl  +  Y0)  /  2  if  PQ  =  PL  .  02) 


In  a  similar  way  we  can  deduce  the  condition  for  optimum  local  laser  power: 


Y 


1 


(VL  +  ^  ^ 

(vj  +  Yf) 


(YrF)  PQ  =  Y0 


<VL  +  Yo> 

-  (F-Y0)  Px  (12)a 

(Vo  +  V^  Y*) 


3-2  Optimum  Filter 

If  an  optimum  threshold  and  optimum  Pp  are  chosen  the  Pe  depends  only  on  h(t) .  Pe  is  then  a  functional  of 
h(t)  and  variational  calculus  technique  can  be  used  to  find  optimum  filter.  We  obtain  the  differential 
equations : 
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I  ((a!  +  a0)\£  -  (aL  -  a0)/  rR/F  )  P(t)  -  2  V*  I  J  G  (2PSPL)1/2 
+  ((aj  +  aG)  PsP(t)  +  2ps  I  +  2P  +  2  Pd  +  (N0/DGX+2)  )SGX+2  h(t) 

=  2(No/0  V2q)  h"(t)  .  (13) 

where  L  =  E  P(t-iT) 


The  numerical  solution  of  equation  (13)  h0 
the  function  that  minimises  the  Pe  in  (10), 


In  order  to  find  such 


C V !  -  F)/(Vf 


V0  Y1)I/2,  (F  ■  Yo)/vVl  +  Vy  Yo)1/2,  Vj / (V2  +  V^Y2)1/2  and  VD/(V2  +  V 


solution  we  need  a 
2 
(i) 


response  h0(t)  is 
prior  knowledge  of 


However,  the  first  pair  of  parameters  can  be  considered  as  the  degree  of  performance  and  could  be  setted  to 
equal  R.  While  the  second  pair  of  parameters  represents  the  degree  of  laser  phase  noise  contribution  and 
could  be  setted  to  equal  to  some  other  contrast  r. 


Equation  (13)  includes  all  the  important  factors  that  effect  the  performance  of  optical  ASK-coherent 
receiver  system,  namely:  laser  phase  noise,  quantum  noise,  multiplication  noise,  dark  current,  coloured 
Gaussian  thermal  and  itersymbol  interference.  Since  P(t)  represents  the  received  optical  pulse  shape,  so 
the  effect  of  the  propagation  channel  (optical  fiber  or  air)  may  be  included  by  convolving  the  transmitted 
laser  pulse  shape  with  the  impulse  response  of  the  propagation  channel. 


4  -  PRELIMINARY  RESULTS 

2 

When  we  consider  a  relatively  practical  case  in  which  (1)  WD  - >  »  i.e.  When  the  Gaussian  thermal 

noise  is  a  white  noise  and  (2)  there  is  a  local  laser  shot  noise  domination.  Thus,  h0(t)  can  be  obtained 
analytically  as  follows: 


((  (a l  -a0)/  / 2  Rr  -  (ai  +  aQ)  V^)  P(t)  -  2V^,  I) 

h0  f  c )  _  - 

((a!  +a0)  PsP(t)  +  2psI  +  2pL  +  2pd  +  N0/DG+x2) 


(2PsPl) 1/2 
(  DGX+2) 


This  includes  all  impairments  mentioned  above. 


3  -  CONCLUDING  REMARKS 

The  Pe  minimisation  has  been  applied  to  optical  receiver  optimisation,  accomodating  all  important  noise 
sources  encountered  in  optical  ASK-coherent  communication  system.  A  general  filter-design  differential 
equation  has  been  derived,  its  solution  corresponds  to  the  near  optimum  receiver  filter.  The  technique 
has  been  applied  to  receiver  for  paractical  case,  for  which  an  analytical  solution  has  been  deduced. 
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Abstract 


Advances  in  Practical  laser  Safety  have  not  kept  up  with  advances  in  laser  technology. 
This  paper  studies  some  ~  f  these  areas  such  as  degradation  products,  reflected  or  scattered 
radiation,  radiation  measurement  and  formal  risk  assessment  (including  the  determination  of 
nominal  hazard  distances/zones,  NHD/NHZ's')  in  order  to  establish  laser  safety  schemes. 


I n  t r oduc  t i on 


The  expansion  of  lasers  into  industry  is  usually  accompanied  by  grave  concern  regarding 
the  safety  aspects  of  such  systems.  In  fact,  a  potential  customer  is  often  detered  from 
using  laser  technology  because  of  the  complications  and  difficulties  such  new  technology 
may  bring.  Laser  safety  standards^"'  form  a  sound  basis  from  which  the  relevant 
precautions  may  be  taken.  However,  they  are  not  readily  understandable  or  "user  friendly". 
They  also  do  not  fully  cover  the  areas  that  may  be  of  interest  to  the  potential  customer 
or  laser  user.  The  purpose  of  this  work  is  to  look,  from  a  user's  viewpoint,  into  some  of 
these  areas  with  a  view  to  compiling  r~aetical  laser  safety  schemes.  Particular  reference 
is  made  to  the  problems  associated  with  the  two  common  high  power  industrial  lasers,  the 
Neodymium  YAG  (Nd:YAG)  and  Carbon  Dioxide  (CC^)  lasers. 


Laser  Safety 


The  primary  problem  the  laser  user  is  faced  with  once  the  installation,  operation  and 
production  aspects  are  overcome  is  how  to  ensure  continued  safety  in  normal  use,  day  to  day 
maintenance  and,  as  appropriate,  any  on  site  servicing  of  the  laser  product.  In  order  to 
satisfy  the  requirements  stated  in  the  national  safety  standard*  '  the  user  will  need  to 
become  familiar  with: 

a.  How  the  standard  applies  to  the  specific  laser  chosen. 

b.  How  the  standard  applies  to  the  system  being  used. 

c.  How  the  standard  affects  the  environment  the  laser  system  is 
p  1  ac  e  d  in. 

The  laser  manufacturer  usually  supplies  support  information  detailing  laser 
classification  and  hazard  assessment.  Laser  safety  is  not  particularly  well  supported  in 

journals.  Suitable  references  for  practical  aspects  include*  ,  with  text  books  on  the 

subject”-**).  Several  organisations  now  operate  laser  safety  courses*  and  there  is 

at  least  one  commercial  laser  safety  computer  programme  in  existance  .  However,  some  of 

the  practical  problems  a  potential  laser  user  faces  may  not  be  addressed.  For  example: 

Que  s  t io  n : 

What  are  the  requirement  measurements? 

What  is  required  to  make  the  measurements? 

What  measurements  must  be  made  to  fully  evaluate  the  hazard 
potential? 

Are  there  any  by-products  or  degradation  products  which  need 
assessing? 

What  auxiliary  protection  or  housings  are  necessary? 

What  material  should  be  used  for  a  protective  housing? 

What  is  the  nominal  hazard  z o ne / d 1 s t ance ? 

Five  separate  topics  are  addressed  in  an  attempt  to  answer  s  me  of  these  queries. 
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Measurement 


1  . 


Instrumentation  is  necessary  to  measure  laser  power  or  energy  if  comparison  to  the  laser 
safety  standards  is  required.  To  the  scientific  community  such  instrumentation  is 
commonplace  and  selection  of  instrumentation  with  the  prefered  or  desirable  requirements  is 
not  a  problem.  However,  the  newcomer  or  industrial  laser  user,  is  overwhelmed,  firstly  by 
the  range  of  instrumentation  (Figure  1)  and  secondly  by  the  actual  method  of  measurement  to 
be  in  accordance  with  the  laser  safety  standards.'  To  assist  the  choice,  the  user 
commonly  needs  to  know  what  laser  power  or  energy  is  emitted  and  occasionally  requires 
details  such  as  the  mode  structure  of  the  beam  or  its  alignment  (particularly  with  high 
power  CO  2  material  processing  lasers!.  The  user  must  select  the  instrumentation  which 
"'easnres  rho  -ight  w3"e1igth,  power  and/or  energy  c  an  withstand  the  required  maximum 
power  density  and  is  of  a  suitable  ergonomic  design.'  ’  ’  ’  Having  made  thi§. choice  the 


,hV 


meter  must  then  be  used  to  measure  the  laser  radiation.  The  American  Standard'1-1  explains 
that  measurements  should  only  be  attempted  by  trained  or  experienced  personnel  and  puts  the 
onus  on  the  laser  classification  scheme  to  minimise  the  need  for  laser  measurements  and 
calculations  by  the  user.  However,  if  measurement  is  necessary  (for  example,  to  calculate 


Figure  1  Illustration  of  some  of  the  wide  range  of  instrumentation  available  for  measuring 
laser  power  or  energy 

hazard  distances  or  zones  for  a  system)  the  laser  should  be  "adjusted  to  the  maximum  output 
for  the  intended  use".  This  means  that  in  no  circumstances  will  the  output  exceed  this 
maximum  level  even  if  any  mirrors  are  knocked  or  switches  altered.  A  differentiation  is 
also  made  between  "intrabeam"  viewing  (where  the  eye  is  exposed  to  all  or  part  of  a  laser 
beam)  and  "extended  source"  viewing  (radiation  that  can  be  resolved  by  the  eye  into  a 
geometrical  image)  in  the  0.4  to  1.4  um  wavelength  region,  in  most  cases  the  "irradiance" 
is  measured  (in  W/cra2).  Complication  is  introduced  because  a  "limiting  aperture"  is 
required.  This  is  the  circular  area  over  which  irradiance  (or  radiant  exposure) 
measurements  should  be  made.  The  measurement  is  then  made  with  instruments  that  average 
over  circular  areas  defined  by  the  "effective  limiting  aperture".  This  diameter  is 
usually  a  1  mm  aperture  for  CO2  lasers  when  viewed  by  the  eye  directly.  This  is  a  small 
enough  aperture  to  detect  "hot  spots"  in  the  beam.  The  beam  at  this  wavelength  is  not 
focus  able  onto  the  retina  (sensitive  part  of  the  eye).  Similarly  a  7  mm  diameter  aperture 
for  visible  and  near  infra  red  lasers  (0.4  to  1.4  pm)  is  used.  There  is  an  increase  in 
irradiance  from  the  cornea  (outer  part  of  the  eye)  to  the  retina.  This  corresponds 
approximately  to  the  ratio  of  the  pupil  area  to  that  of  the  retinal  image.  This  increase 
arises  because  at  these  wavelengths  radiation  which  enters  the  pupil  is  focussed  to  a 
"point"  image  on  the  retina.  The  pupil  Is  a  variable  aperture,  however  a  7mm  diameter 
pupil  is  usually  considered  as  a  "limiting  aperture"  as  this  is  a  worst  case  condition. 
7mm  is  derived  from  figures  obtained  from  young  eyes  where  diameters  of  this  order  have 
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been  measured.  Larger  apertures  must  be  used  if  the  output  is  intended  to  be  viewed  with 
optical  instruments,  excluding  eye  glass  lenses.  Smaller  diameter  apertures  may  also  be 
used  provided  correction  factors  are  applied  to  ensure  the  required  accuracy  of 
measurement.  If  the  entire  beam  enters  the  aperture  no  correction  for  beam  size  or 
"homogeneity"  is  necessary.  For  large  beams  the  cross  section  should  be  sampled  to  obtain 
the  maximum  reading.  Figure  2  shows  the  arrangement  used  for  measurement  for  the  purpose  of 
laser  classification.  For  extended  sources  in  the  0.4  to  1.4  um  region  the  radiance  may  be 
measured.  Care  must  be  taken  to  ensure  that  the  appropriate  aperture  and  "solid  angle  of 
acceptance"  (or  conical  field  of  view)  is  used. 


r  =  I/P 


COLLIMATING  LENS 
(P=5  DIOPTERS  OR 
GREATER) 


SOURCE 


DETECTOR 


SOLID  ANGLE  OF 
ACCEPTANCE 


CIRCULAR 
APERTURE  STOP 


Fig.  2.  Arrangement  used  for  measurement 
for  laser  classification  purposes. 


From  this  information  the 
user  can  identify  the 
requisite  measurements  and 
methods  necessary.  However, 
it  is  not  difficult  to 
appreciate  that  the  newcomer 
may  be  overwhelmed  by  the 
technicalities  and  phrases 
used.  It  is  also  difficult  to 
know  how  these  measurements 
apply  in  the  particular 
installation  or  application. 
If  the  correct  measurement 
procedure  is  followed  then  the 
laser  power  or  irradiance  will 
he  measured  in  accordance  with 
the  relevant  laser  safety 
standard.  This  value  may  not 
he  the  same  as  specified  hy 
the  laser  manufacturer,  but  it 
will  be  the  value  required  for 
any  hazard  calculations 
(section  3). 


To  summarise  the  user  needs  to: 

1.  Check  the  laser  is  at  maximum  output  for  the  intended  use. 

2.  Verify  if  the  condition  is  intrabeam  viewing  or  extended  source  viewing  (1,5)  if  the 
laser  emits  in  the  0.4  to  1.4  pm  wavelength  region. 

3.  Use  the  appropriate  limiting  aperture  (Table  1). 

4.  Check  that  the  instrument  averages  the  measurement  over  the  area  of  this  aperture. 

3.  Check  that  the  whole  beam  enters  the  aperture,  if  not,  then  the  area  of  the  beam  that 

gives  the  maximum  reading  must  be  measured. 


Maximum  Aperture  Diameters  (Limiting  Aperture) 
for  Measurement  Averaging 

Mrusurnmnl 

. 

ExpoMiff 
Duration,  t 
<*) 

Wavelength  Range 

Ultraviolet 
(0.2  to  0.4pm) 

Visible  and 
Near  Infrared 
(0.4  to  1.4pm) 

Medium  and 
Far  Infrared 
♦1.4  to  I0‘pni) 

Sulmiillimefer 
(0.1  to  1  mm) 

K yt  MPE 

1  mm 

7  mm 

1  mm 

1 1  mm 

Skin  MPE 

1  mm 

1  mm 

1  mm 

1 1  mm 

Table.  1.  Selecting  the  appropriate  limiting  aperture 

APPLICABLE  TO  THE  AMERICAN  NATIONAL  STANDARD  (l.) 


Other  factors  need  to  be 
checked  about  the 
instrumentation: 

1.  The  Instrumentation  must 
be  calibrated  sufficiently 
well,  ideally  to  permit 
overall  measurement 
accuracies  of  +20%  wherever 
possible. 

2.  The  instrumentation  must 
be  suitable  for,  and 
calibrated  to  the  right 
wavelength. 

3.  The  detector  must  be 
perpendicular  to  the  beam 
when  measuring. 

4.  The  instrument  must 
average  the  measurement 
over  the  whole  of  the 
circular  area  defined  by 
the  appropriate  aperture 
used. 


2.  Re f lec t ed / Sc  a 1 1 e r ed  Radiation 


There  are  many  situations  where  reflected  or  scattered  radiation  presents  a  serious 
hazard.  The  design  of  protective  enclosures  for  material  processing  applications  using 


either  Nd.-YAC.  or  CO,  lasers  is  of  paramount  importance.  Tn  1983,  Rockwell  R  J  and  Moss  C  E 
(171  reported  that  during  Nd:YAG  laser  welding  (after  the  welding  event  was  initiated!  the 
radiation  levels  measured  were  a  function  of  the  base  material,  direction  of  travel, 
distance  and  angle  of  detection,  and  laser  power.  Rockwell  et  al  did  not  measure  the  peak 
levels  produced  during  the  laser  welding  event.  These  values  would  be  higher  and  would  be 
produced  just  on  the  onset  of  laser  welding  (Figure  3).  The  levels  of  the  radiation 
measured  were  dependant  upon  the  direction  of  the  weld.  The  radiation  levels  were  237 
higher  when  the  metal  was  moving  towards  the  worker.  The  highest  irradiance  level  measured 
at  1  m  in  the  work  was  10.6  mW/cm‘.  Rockwell  demonstrated  that  for  typical  N  d : Y AG  welding 
values  (the  reflectivity,  p  =  0.8,  Power  =  3  0_0  W  and  a  viewing  angle  of  45°)  the  scatter  at 
1  'istance  1  f  1m  is  approximately  3.2  m  W  /  e  m  (both  experimentally  and  theoratically).  The 
skin  Maximum  Permissible  Exposure  (M.P.E.)  is  l  0  2  mW/cm2  for  long  terra  exposure  at  a 
wavelength  of  1.06  ..  m  .  The^hazard  distance  may  then  be  calculated  to  be  3.7  cm.  For  the 

eye  the  M.P.E.  is  0.22  mW/cm"  which  gives  a  much  larger  hazard  distance  of  3.8m.  The  work 
therefore  concludes  that  whilst  radiation  emissions  from  the  plasma  and  molten  metal  does 
not  w  a  r  r  a  n^t  ^  a  i  o  r  concern,  workers  must  use  the  appropriate  safety  protective 
eyewear.  ’  ’  ’  The  skin  hazard  is  usually  much  lower.  This  is  aided  by  the  user 

often  being  sited  at  the  operating  console  which  is  commonly  over  lm  away  from  the 
machinery  area.  However,  there  have  been  occasions  when  the  operator  has  been  exposed  to 
significant  levels  of  radiation,  despite  Rockwells  findings.  Tn  welding  the  levels  are 
dependant  upon  the  weld  geometry  and  configuration.  Burns  have  also  been  caused  by  metal 
shapes  falling  through  the  defocussed  beam  a f  ter  the  shapes  have  been  cut,  and  also  from 
materials  with  irregular  surface  geometry.'15'  The  concept  of  a  Nominal  Hazard  Zone  (NHZ ) , 
or  distance  (N'HD)  helps  with  the  visualisation  of  the  extent  of  the  hazard  with  respect  to 
a  laser.  However,  some  materials  are  more  reflective  at  a  given  wavelength,  than  other 
materials.  The  surface  finish  or  coating  of  a  material  also  has  an  effect  on  this 
reflectivity.  The  degree  of  risk  is  therefore  dependant  upon  the  material  used.  Figure 
4(a)  shows  the  theoretical  reflectivity  of  different  metals  to  a  CO,  laser  (wavelength 
10.6  ..  m  ) .  '  Figure  4(b)  shows  the  materials  in  order  of  highest  to  lowest  risk,  based  on 

experimental  data. 


TIME 


Fig.  3.  Distribution  of  optical  radiation  (variation  of  intensity  with 
time)  produced  from  a  typical  laser  welding  event  (17). 


As  the  temperature  increases  the 
reflectivity  of  the  material  generally 
decreases,  so  once  a  cut  or  process  is 
initiated  then  the  hazard  decreases. 
This  is  until  the  cut  material  drops 
away  from  the  workpiece.  Then  there  is 
the  possibility  of  rhe  material  passing 
through  the  beam  to  give  a  stray 
reflection,  if  the  laser  is  still 
switched  on,  as  the  piece  falls. 

Since  an  enclosure  is  usually 
necessary  for  material  processing 
lasers  to  protect  against  stray 
reflections  the  enclosure  material  must 
be  resistant  enough  to  withstand  the 
laser  beam.  For  C  0  2  lasers, 
polycarbonate  is  recommended  as  a  clear 
enclosure  material.'"1  Polycarbonate 
has  its  limitations  but  is  generally 
more  resistant  than  materials  such  as 
acrylic  for  this  purpose.  For  Nd:YAG 
lasers  expensive  plastic  or  glass 
materials  which  often  Incorporate 
filter  or  doping  materials  may  be 
purchased  (e.g.  the  Schott  Glass  KG3  or 
KG3)  to  serve  as  window  materials 
usually  in  a  metal  housing.  The 
selection  of  appropriate  eyewear  is 
also  important  to  the  user,  however, 


elsewhere, 


regarding  the  suitable  c h o i c e ^  1  *  2  ’  ^  >  1 ^ ’ 2 1  1 


;  is  adequate 
and  explanation 


documentation 
of  such  terms  as 


optical  density". 
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*Re  f  te  c  t i v i t  y ( %  ) 


For  CO ,  Laser 

Aluminium  Stainless  Steel 
Low  Carbon  Steel  (oxidised 


Highly  Reflective 


*  Re f le c t i v i t y  decreases  with  heat 


Material 

co2 

Nd : YAG 

black  surface) 
Brass  Cast  Iron 

Low  Carbon  Steel 

1  *  Carbon  Steel 

9  5% 

63% 

Ca  rbon  Fibre 

(Polished)  Stainless  Steel 
(Black  Oxide)  Stainless 

63% 

5  3% 

Ceramic 

For  Nd  YAG  (based  on 

Steel 

2  5% 

10% 

Platiniuiu 

Iron 

94% 

6  5% 

Stainless  Steel 

Nickel 

96% 

7  4%, 

Mild  Steel 

Titanium 

84% 

60% 

Aluminium 

Brushed  Mu  minium 

92% 

7  5% 

Gold 

98% 

98% 

Copper 

98% 

9  8% 

Less  Reflective 
Rockwell's  work  (17)) 

Highly  Reflective 


Less  Reflective 


Fig  4(a)  Theoretical  Reflectivity  of 
different  metals  at  room 
temperature  (20) 


Fig  4(b)  Reflectivity  of  different  metals 
to  a  Nd:YAG  and  CO2  laser  radiation 
based  on  Experimental  Data 


3  .  Nominal  Haz ard  Distance/Zone 


The  concept  of  Nominal  Hazard  Distance  (NHD)  or  Zone  (NHZ)  or  has  recently 
as  a  way  of  conveying  the  hazard  distance  or  envelope  around  a  laser, 
discussed  the  Lens  Expansion  Numerical  Simulation  (LENS)  equation: 


been  accep 
Rockwell 


R  =  F/b  (  4 P/  -  MPE)  122 


(1) 


where  R  is  the  safe  range  beyond  the  focal  point  (cm),  F  is  the  focal  length  of  the  lens 
(cm),  b  is  the  beam  diameter  of  the  incident  of  focusing  lens  (cm),  P  is  the  power  in  the 
lase^  beam  at  the  focusing  lens  (W)  and  MPE  is  the  Maximum  Permissible  Exposure  level  (in 
W  /  c  m 2 )  . 

This  is  also  in  the  American  Standard'1^ 

NOHD  =  1  /  Ifi  1,27  6  (cm)  or  f  /a  /  1  -27  *  fern)  (2) 

•  MPE  *  MPE 

where  the  MPE  is  the  Maximum  Permissible  Exposure  limit  (irradiance),  5  is  the  total  power 
in  the  beam  (W),  0  is  the  emergent  beam  divergence,  f  =  focal  length  of  the  lens,  NOHD  is 

the  nominal  ocular  hazard  distance'  ’  and  a  is  the  laser  beam  diameter  (atmospheric 

f  1  1  r 

attenuation  is  not  taken  into  account'  ')■ 

Whilst  the  concept  of  Laser  Power  and  Beam  Diameter  are  understood  by  most  users,  what 
these  actually  mean  in  terras  of  the  safety  standard  may  not  necessarily  be  the  same.  This 
is  of  particular  significance  when  trying  to  calculate  the  Nominal  Hazard  Distance  or  Zone 
from  the  equations  above.  Examples  of  these  calculations  are  also  given  in  the  American 
Standard/' '  The  user  would  automatically  assume  that  the  power  of  a  laser  was  5kW  if 
it  was  stated  by  the  manufacturer  as  such.  Similarly,  if  the  beam  diameter  was  45  mm  this 
would  then  be  assumed  as  correct.  Using  these  two  values,  an  Maximum  Permissible  Exposure 
(for  both  the  eye  and  the  skin)  of  0.1  W/cm2  and  a  focal  length  lens  of  llcra,  a  nominal 
hazard  distance  (NHD)  of  6.17  ra  may  be  obtained.  If  the  energy  distribution  across  a  beam 
were  uniform  then  this  value  would  be  acceptable.  However,  the  energy  distribution  across 
a  beam  from  a  laser  operating  in  the  fundamental  transmission  mode  (TEMqq)  is  not  uniform. 
The  TEMqq  mode  is  a  common  mode  for  many  industrial  material  processing  lasers  (except  at 
high  powers  3kW).  The  energy  distribution  usually  has  a  Gaussian  profile  described  by 
the  expression. 

I  »  Igexp  -  2(r/w)2  (3) 

where  Iq  is  the  irradiance  on  axis,  I  the  irradiance  at  a  radial  distance  r  from  the  axis 
and  w  is  a  measure  of  the  beam  radius.  Most  manufacturers  define  the  beam  in  terms  of 
its  total  power  (or  energy)  and  its  diameter  as  measured  at  the  1  /  e  2  points  (points  where 
the  beam  irradiance  has  dropped  to  1 / ez  of  its  peak  value,  I/1q  =  0.14)  so  the  area  defined 
contains  86.5%  of  the  total  power  in  the  beam.  If  the  average  power  is  then  calculated 
simply  by  dividing  the  total  power  by  the  beam  area  (at  the  l/ez  point)  then  the  peak 
irradiance  will  actually  exceed  the  average  value  (by  a  factor  of  two).  For  safety 
reasons,  therefore,  the  beam  diameter  in  the  standards  is  defined  by  the  1/e  point  (I/Iq  * 
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0.37,  the  area  so  defined  contains  63.2%  of  the  total  power).  If  average  power  Is  defined 
in  this  way,  then  it  Is  exactly  equal  to  the  peak  value,  hence  It  provides  a  safer  upper 
limit  for  maximum  lrradiance' 

For  lasers  where  the  beam  profile  Is  not  a  single  mode  then  careful  radiometric 
measurements  to  determine  the  effective  beam  diameter  divergence  and  maximum  value  of 
irradiance  or  radiant  intensity  (energy  per  unit  area)  is  necessary. 

The  1/e  beam  diameter  may  be  calculated  from  the  1/e^  beam  diameter  by  a  straight 
division  of  >2,  provided  the  beam  profile  is  a  Gaussian  form.  For  example  where  the 
manufacturers  quote  a  beam  diameter  of  45mm  then  the  1/e  beam  diameter  is  more  likely  to  be 
32mm.  This  would  give  a  Nominal  Hazard  Distance  Zone  of  8. 73m  which  is  considerably 
greater  than  6.17m,  the  value  call  ulated  using  1  /  e  ^  beam  diameter.  Since  it  is  very 
difficult  to  calculate  the  1/e  beam  diameter  for  a  non  Gaussian  beam,  even  if  the  1/e"  beam 
diameter  is  known,  accurate  measurements  must  be  made  to  determine  the  effective  1/e  value. 
Hazard  assessment  based  on  calculations  from  equation  (1)  is,  therefore,  not  as  straight 
forward  as  it  first  appears  for  non  Gaussian  beam  profiles.  Beams  with  complex  mode 
structures  can  represent  a  hazard  well  beyond  any  nominal  hazard  d’ stance/zone  calculated 
on  the  conservative  Gaussian  beam  model  due  to  the  existance  of  local  "hot  spots”  in  the 
beam  cross  section.  Similarly,  the  value  of  power  used  in  the  equation  may  not  be  the 
correct  value  to  use.  For  example  a  5  kW  laser  from  a  manufacturer  may  not  be  5  kW  as 
measured  (see  Section  1  Measurement)  with  a  1mm  aperture  and  appropriate  instrument  at  the 
point  in  the  beam  which  gives  the  maximum  reading. 

Secondly,  manufacturers  tend  to  quote  a  lower  power  than  the  laser  initially  gives  (to 
ensure  it  will  actually  give  at  least  5  kW  if  it  is  a  5  kW  laser).  In  both  cases  if  a 
higher  power  reading  is  measured  the  Nominal  Hazard  Distance  or  Zone  will  increase.  It 
must  be  noted,  however,  that  on  safety  labels  for  laser  classification  the  maximum  power 
stated  on  these  is  not  the  output  power  of  the  laser  and  is  usually  well  in  excess  of  what 
a  laser  will  give.  Perhaps,  therefore,  it  should  be  suggested  that  this  value  is  used, 

even  though  it  may  give  a  more  restrictive  Nominal  Hazard  Distance  or  Zone  than  necessary. 

The  determination  of  the  Nominal  Hazard  D  i  s t ance /Zone  can  form  part  of  a  more  formal  risk 
analysis  to  be  applied  where  the  laser  is  integrated  into  a  semi  or  fully  automated  plant 
and/or  '  s  interfaced  with  programmable  electronic  systems.  This  is  explained  more  fully 
e  lsewhere.”  1  ” 

4  .  Degradation  Products 

When  cutting,  welding  or  any  other  laser-target  interaction  process  is  occurring, 
potentially  hazardous  fumes  and  vapour  may  be  produced.  Very  little  information  is 
available  regarding  the  nature  of  these  fumes.  Generally  the  fumes  have  been  compared  with 
those  arising  from  normal  welding  or  thermal  cutting  processes.  The  standards  recommend 

the  use  of  adequate  local  exhaust  ventilation.  The  levels  of  the  fume  should  be  below  the 

"threshold  limit  values"  (TLV)  (levels  above  which  the  fumes  would  be  harmful).  Some  work 
has  been  reported  on  fumes  from  plastics  namely  Acrylic  and  PVC.  Doyle  and  Kokosa  (25) 
report  that  98%  methyl  methacrylate,  with  small  quantities  of  benzene  and  toluene  was 
detected  during  laser  cutting  of  polymethylmethacrylate  (acrylic).  The  remaining  2%  of  the 
vapour  consisted  of  particulate  aerosol  matter,  comprising  of  a  complex  mixture  of 
polycylic  aromatic  hydrocarbons  (of  size  <2.5  um).  Doyle  and  Kokosa  also  analysed  the  by¬ 
products  from  laser  cutting  of  polyvinylchloride  (PVC)  and  detected  Hydrogen  Chloride  (a 
very  corrosive  gas  which  forms  hydrochloric  acid  when  dissolved  in  water),  benzene, 
v i n y 1 c h 1 o r i d e  (both  known  carcinogens),  propene  and  toluene.  These  gases  were  combined 
with  a  12%  fraction  of  particulate  polycyclic  hydrocarbons  and  14%  shortchain  polymeric 
materials.  Powell  et  al^°'  report  some  of  these  Findings  and  conclude  that  the  by 
products  of  all  polymer  cutting  will  contain  a  percentage  of  carcinogenic  hydrocarbons. 
Work  done  on  synthetic  leather  with  a  polyvinylchloride  b  a  s  e  '  z  detected  a  wide  range  of 
products  ranging  from  aromatic  hydrocarbons  to  metal  particulates  (e.g.  lead  and  titanium 
which  are  components  of  stabilisers  and  colouring  pigments  of  the  synthetic  leather).  The 
same  workers  detected  metals  ranging  from  chromium,  nickel,  cobalt  and  iron  to  aluminium, 
molydenum,  copper,  and  tungsten  on  laser  processing  of  several  different  metal  alloys. 

For  the  user  it  is  important  to  consider  that  "adequate"  fume  extraction  must  be  used. 
Factors  that  need  to  be  considered  include: 

1.  the  quantity  and  nature  (particulate  or  vapour)  of  the  by-product. 

2.  the  Interface  between  the  extraction  system  and  any  shielding  or  assist  gas. 

Both  factors  influence  the  design  of  the  local  exhaust  ventilation  and  therefore  must 
both  be  assessed  to  ensure  adequate  fume  extraction  is  present. 

Materials  such  as  stainless  steel,  zinc  coated  steel,  nickel  alloys,  marine  plywood,  ABS 
(a  plastic),  melamine  (Phenylfuraldehyde  coated),  PVC  and  fibreglass  have  been  monitored  in 
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typical  industrial  locations  with  the  fume  extraction  turned  both  on  and  off. 

Preliminary  results  indicate  that  with  the  fume  extraction  off  chromium,  nickel  and 
cobalt  are  present  in  quantity  during  Nd:YAG  cutting  of  Nickel  alloys.  Similarly,  for  mild 

stainless  and  zinc  coated  steel  high  amounts  (close  to  the  threshold  limit  values,  TLV)  of 

iron  were  detected  during  CO2  laser  cutting.  For  stainless  steel  high  values  of  nickel  and 
chromium  were  also  found.  This  implies  that  fume  extraction  is  necessary  even  for 

materials  such  as  steel  (since  the  level  of  iron  fumes  is  very  high).  Similarly,  for  some 

of  the  "exotic"  metals,  fume  extraction  is  necessary  since  low  quantities  of  toxic  metals 
(e.g.  cadmium)  may  be  emitted.  Some  metals  in  particular  present  more  of  an  occupational 
health  hazard  if  they  are  present  in  higher  valancy  states  than  the  normal  ground  state  of 
the  material.  The  threshold  limt:  values  of  these  metals  are  therefore  much  lower  than 
other  metals  which  do  not  have  these  potentially  toxic  higher  valancy  states.  Particular 
care  must  also  be  taken  when  laser  processing  PVC  since  hydrochloric  acid  may  be  formed. 
Suitable  filtering  systems  must  be  used  in  most  cases  to  prevent  potential  emissions  to  the 
outside  environment. 

5  .  Laser  Safety  Schemes 

To  summarise  all  this  information  is  only  of  use  if  it  is  collated  in  some  easily 
accessible,  workable  form.  The  problems  dealt  with  have  generally  been  applicable  to 
X d : Y AG  or  COo  material  processing  lasers.  Similar  practical  difficulties  exist  with  lasers 
used  for  other  processes  (e.g.  medicine,  printing,  recording).  The  need  for  fume 
extraction  may  be  required  or,  perhaps  another  aspect,  such  as  measurement  may  be  also 
necessary.  In  medical  applications  of  laser  beams  it  is  imperative  that  the  measuring 
equipment  is  accurate  as  well  as  being  used  in  the  proper  way  otherwise  harm  to  the  patient 
may  be  the  result.  For  helium  neon,  argon  and  other  visible  light  lasers  reflected  or 
scattered  radiation  may  be  important  particularly  in  determining  whether  a  system  may  be 
used  in  applications  such  as  non  destructive  testing  or  process  control. 

The  topics  covered  have  given  the  potential  user  an  insight  into  some  of  the  problems  or 
queries  that  may  arise.  There  are,  however,  many  other  areas  that  lack  practical  advice  and 
understanding.  Questions  may  arise  such  as: 

What  sort  of  interlock  is  necessary? 

Where  may  interlocks  be  brought  from? 

What  protective  clothing  is  needed? 

Who  supplies  this  protective  clothing? 

In  an  attempt  to  cater  for  these  aspects  as  well,  laser  safety  schemes  are  being 
compiled  with  a  view  to  incorporating  all  such  data.  These  will  be  both  written  and 
computer  based.  One  element  well  progressed  is  an  attempt  to  compile  the  standards  into  a 
database  which  can  be  interrogated  using  a  personal  computer.  The  information  will  be 
accessed  by  a  user  who  has  an  application  and  wants  to  know  what  lasers  and  what  safety 
precautions  are  necessary,  or  by  a  user  who  has  a  laser  or  material,  and  wants  to  know  what 
application,  or  laser,  and  safety  precautions  to  use.  Details  of  this  work  will  be 
published  in  the  coming  year. 

Conclusions 

This  paper  is  presented  to  put  across  some  of  the  practical  problems  associated  with 
laser  safety.  The  consideration  of  measurement,  reflected  and  scattered  radiation  are 
imperative  when  formulating  laser  hazard  zones.  Degradation  or  by-products  from  laser 
processing  are  becoming  tncreasingiy  more  important  as  environmental  considerations  are 
becoming  stricter.  The  potential  laser  user  is  confronted  with  a  wealth  of  standards, 
references  and  information  on  laser  safety.  This  is,  however,  not  only  overwhelming  but 
often  not  readily  understandable  or  accessible.  This  has  therefore  lead  to  the  development 
of  laser  safety  schemes  which,  will  it  is  hoped,  be  of  practical  use  to  the  laser  user  in 
the  future. 
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Abstract 

The  experimental  research  on  laser  angioplasty  is  limited,  at  present,  by  the  risk  of 
mechanical  or  laser  induced  perforations,  particularly  in  the  case  of  coronary  arteries. 

To  get  rid  of  this  dr  wback  here  a  new  fiber  optic  probe  is  described,  characterized  by  a 
corolla  shaped  output  beam  and  by  no  axial  radiation.  The  probe  consists  of  a  conical  fiber 
tip  inserted  in  a  particular  quartz  microcapsule.  Its  optical  behaviour  has  been  studied 
both  experimentally  and  theoretically,  using  a  ray  tracing  method.  The  results  of  some 
tests  carried  out  on  aorta  wall  from  a  cadaver  seem  to  confirm  that  the  new  probe  minimize 
the  risk  of  vessel  perforation,  while  its  diameter  is  suitable  even  for  coronary  applica¬ 
tions.  An  improved  version  of  this  new  probe  is  also  under  test  utilizing  a  multiple  fiber. 
This  device  should  allow  the  treatment  even  of  a  limited  portion  of  the  vessel  wall. 

Introduction 

The  recanalization  of  arteriosclerotic  vessels  by  laser  angioplasty  is  very  promising  (  ) 
although  many  questions  have  not  exhaustive  answers  yet;  for  example  a  lot  of  experiments 
must  be  done  to  investigate  the  ablation  of  arteriosomatic  plaques  by  laser  pulses  (  ^and 
the  possibility  of  selective  light  absorption  by  the  application  of  specific  stains  (  ) . 

At  present  this  investigation,  particularly  in  the  case  of  coronary  arteries,  are  limi¬ 
ted  by  some  technical  problems.  Among  them,  the  risk  of  mechanical  or  laser  induced  perfo¬ 
rations  is  likely  the  most  serious  ('  '  '  )  .A  number  of  modified  fiber  optic  delivery  sys¬ 

tems  are  under  study,  however  the  safety  problem  is  still  open. 

In  the  following  a  new  fiber  optic  probe  is  described  which  is  expected  to  minimize  the 
risk  of  vessel  perforation,  while  its  diameter  is  suitable  even  for  coronary  applications. 

The  new  probe  and  its  optical  behaviour 

The  laser  induced  perforations  are  likely  due  to  the  high  power  radiated  on  axis  by  the 
bare  fibers.  Indeed,  referring  to  Fig.  la,  even  if  the  output  beam  is  coaxial  to  the  vessel, 
however  it  can  pass  beyond  the  arteriosclerotic  area  and  perforate  the  vessel  wall,  expe- 
cially  in  the  case  of  bends  and  bifurcations.  This  risk  could  be  avoided  if  the  fiber  radia¬ 
ted  a  corolla  shaped  beam  without  any  axial  beam,  as  sketched  in  Fig.  lb. 

Actually  a  class  of7fiber  tips  radiating  light  mainly  along  a  cone  coaxial  to  the  fiber 
itself  is  well  known  ().  These  tips,  consisting  of  cone  or  truncated  cone  terminations^ 
have  been  tested  in  the  past  e.g.  in  gastroentherology  to  remove  occluding  cancers  (  ) . 
They  have  been  also  suggested  to  treat  obstructions  in  blood  vessels  or  bronchos.  Unfortu¬ 
nately  their  shape  enhanches  the  risk  of  mechanical  perforation  and  of  tip  breaking.  More¬ 
over  the  conical  terminations  still  radiate  on  axis  a  non  negligible  part  of  the  light,  spe¬ 
cially  in  the  case  of  truncated  cones . 

To  get  rid  of  these  drawbacks,  the  new  probe  still  has  a  conical  tip  but  inserted  in  a 
quartz  microcapsule.  This  capsule  is  obtained  from  a  small  capillary  tube  which  is  suita¬ 
bly  sealed  on  the  top  to  get  a  toroidal  lens.  Fig.  2.  This  lens  structure  prevents  the  on 
axis  radiation  ,  generally  increases  the  off-axis  angle  and  tends  to  collimate  the  output. 

As  a  consequence,  the  new  probe  gives  rise  to  a  sharp  corolla  shaped  beam.  If  this  beam 
impinges  on  a  screen,  a  crown  light  pattern  is  obtained,  as  shown  in  Fig.  3  ,  where  the 
screen  was  about  5  cm  far  from  the  probe. 

A  typicall  overall  radiation  diaqram  shows  a  dark  axial  cone  with  half  aperture  in  the 
range  30-60  degrees  depending  on  the  angle  of  the  conical  termination  and  the  shape  of  the 
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toroidal  lens  on  the  top  of  the  microcapsule .  This  dark  cone  is  surrounded  by  a  bright  crown  who¬ 
se  angular  thickness  is  only  5-6  degrees  at  3  dB  ,  thanks  to  the  collimating  effect  of  the 
toroidal  lens. 

In  the  new  probe  the  laser  power  is  spreaded  over  a  relatively  large  solid  angle  in  compa¬ 
rison  with  the  case  of  bare  fibers.  It  should  be  a  further  advantage  of  this  probe,  reducing 
the  risk  of  perforation  due  to  power  fluctuations  or  wrong  firing  while  the  investigation 
about  the  suitable  power  densities  for  the  angioplasty  treatment  should  be  made  easier. 

A  theoretical  model  of  the  new  probe  was  carried  out  where  the  propagation  was  obtained 
by  ray  tracing,  while  the  intensity  distributions  were  derived  by  associating  a  weight  to 
each  ray  according  to  the  following  procedure:  every  ray  incoming  into  the  conical  tip  is 
assumed  to  carry  the  power  intensity  proportional  to  the  gaussian  factor  p  =  exp- (0  /©  )  ^ , 
where  0  is  the  angle  of  the  ray  with  respect  to  the  fiber  axis,  and  0^  is  the  standard  devia¬ 
tion  of  the  gaussian  distribution  representing  the  output  from  a  bare  fiber.  If  T  is  the 
transmittance  of  the  whole  system,  cone  plus  capsule,  the  output  intensity  associated  to  the 
ray  will  be  :  T'p.  Then,  taking  the  origin  of  the  polar  coordinates  on  the  base  of  the  cone, 
we  sum  all  the  contributions  T .  •  p^  of  the  rays  travelling  at  an  angle  (0,  ©  +  A©)  where  AS 
is  an  angular  step  arbitrarily  chosen  and  ©  is  now  an  integer  multiple  of  A©.  Finally  the  po¬ 
wer  intensity  I  =  Ti •  p.^  is  attributed  to  the  angle  ©.  A  typical  example  of  the  obtain¬ 

ed  results  is  shown  in  Fig.  4.  The  aperture  of  the  conical  tip  was  16  degrees.  The  profile 
of  the  microcapsule,  that  is  the  toroidal  lensshape,  was  derived  from  a  magnified  picture  of 
the  sample  which  has  been  used  subsequently  for  the  experimental  tests  (Fia.  4a). 

A  meridional  plane  with  the  ray  tracing  is  depicted  in  Fig.  4a,  while  in  Fig.  4b  the  ra¬ 
diation  intensity  I,  plotted  versus  ©  (continuous  line) ,  is  compared  with  the  experimental 
measurements  (dots),  carried  out  by  feedina  the  probe  with  an  argon  laser.  The  agreement  is 
pretty  good  despite  the  rough  approximation  of  the  theory.  The  darker  zones  in  the  ray  tra¬ 
cing  of  Fig.  4a  fit  quite  well  with  the  3  dB  width  of  the  two  intensity  peaks  in  Fig.  4b. 

The  behaviour  of  the  new  tip  in  aqueous  environment  has  been  investigated  by  the  previous 
theoretical  model.  The  results,  summarized  in  Fig.  5  show  that  water,  which  is  usually  pre¬ 
sent  in  the  vessels  during  the  plaaue  treatments,  is  not  expected  to  make  the  probe  per¬ 
formance  worse.  On  the  contrary  the  intensity  peaks  (Fig.  5b)  look  sharper  than  in  the  pre¬ 
vious  case  of  Fig.  4b. 

In  order  to  make  evident  the  key  role  of  the  toroidal  lens  in  determining  the  output 
beam  shaping,  a  bare  fiber  has  been  inserted  in  a  microcapsule  instead  of  a  conical  termi¬ 
nation.  Then  the  measured  radiation  pattern  has  been  compared  with  the  theoretical  curve 
computed  by  the  procedure  above  described.  The  results  are  summarized  in  Fig.  6.  Even  in 
this  case  a  corolla  shaped  beam  is  obtnained  but  the  half  aperture  of  the  dark  cone  is  redu¬ 
ced:  a  typical  value  is  about  20  degrees  as  shown  in  the  figure. 

Preliminary  tests  on  aorta  wall 

Som~  preliminary  tests  have  been  carried  out  utilizing  the  new'  probe  (  )  characterized  by  a 
0.2  mm  core  fiber  and  by  a  microcaj ^ule  of  1.2  mm  diameter.  A  segment  of  aorta  wall  from  a 
cadaver  was  opened  longitudinally  and  fixed  on  a  cork  board  with  the  lumen  surface  facing 
outward.  This  sample  was  irradiated  in  different  points  with  argon  laser  light  delivered  by 
the  fiber  with  the  new  probe  and,  for  comparison,  by  a  bare  fiber  (Fig.  7)  .  Three  different 
energy  levels,  50,  75  and  100  J,  have  been  used  givingrise  to  different  craters  on  the  aorta 
wall  (Fig.  8).  As  summarized  in  Fia.  9,  in  the  case  of  the  bare  fiber  the  crater  diameter  is 
almost  insensitive  to  the  pulse  energy,  while  ics  depth  increases  up  to  one  millimeter  with 
an  evident  risk  of  perforation.  On  the  contrary  in  the  case  of  the  new  tip,  the  crater  enla¬ 
rges  with  the  energy  (Fig.  9),  while  its  depth,  which  is  almost  uniform  at  the  periphery, 
increases  slowly,  therefore  it  can  be  kept  under  control. 

An  improved  version  of  the  probe 

The  probe  considered  up  to  now  is  characterized  by  a  single  fiber  coaxial  to  the  micro¬ 
capsule.  Moving  this  fiber  off-axis  the  intensity  distribution  of  the  corolla  beam  becomes 
inhomogenous  and  eventually  only  a  sector  of  the  corolla  is  still  bright.  Therefore  if  a 
multiple  fiber  is  inserted  in  the  microcapsule  in  which  the  individual  fiber  are  distributed 
in  a  ring  arrangement,  the  output  corolla  beam  is  expected  to  consist  of  several  sectors 
each  illuminated  essentially  by  a  single  fiber  of  this  rina. 

It  is  evident  that  on  varying  the  ccuolina  between  the  source  and  each  fiber  one  should  get 
only  a  partial  illumination  of  the  corolla  beam.  These  effects  have  been  seen  experimentally 
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by  insertina  three  Q-Q  100-140  ym  fibers  with  flat  tips  into  the  microcapsule.  The  jacket 
was  previously  removed  for  about  3  cm  length  and  the  fibers  have  been  tightened  by  a  thermo- 
shrinked  tube.  Fig.  10  shows  the  spot  obtained  on  a  screen  normal  to  the  probe;  a)  when  only 
one  fiber  is  coupled  to  the  source,  b)  when  all  fibers  are  feeded.  The  irregularities  in  the 
light  pattern  are  due  to  the  difficulties  of  perfect  positioning  the  fibers  in  the  capsule. In 
practice  smaller  fibers  would  be  necessary.  However  this  qualitative  test  confirm  the  possi¬ 
bility  of  side  radiating  only  on  a  particular  area  corresponding  to  the  arteriosclerotic 
plaque . 

Conclusion 

A  new  fiber  probe  has  been  designed  and  fabricated  for  the  laser  treatment  of  arterio- 
somatic  plaques  in  coronary  artheries.  This  new  probe  is  able  to  side  irradiate  the  vessel 
walls  with  good  uniformity.  Thanks  to  the  lack  of  the  axial  beam,  the  risk  of  laser  perfora¬ 
tions  should  be  minimized  even  in  case  of  vessel  bends  or  bifurcations.  The  risk  of  mechani¬ 
cal  perforations  and  of  fiber  tip  breakinq  should  be  also  minimized  by  the  rounded  protective 
caosule . 

The  optical  behaviour  of  the  new  probe  has  been  investigated  both  experimentally  and  by 
ray  tracing  procedure.  Although  this  theory  is  based  on  simple  approximations,  the  results 
are  in  pretty  good  agreement  with  the  experimental  measurement. 

Preliminary  tests  carried  out  on  segments  of  aorta  from  a  cadaver  seem  to  confirm  the 
expected  advantages  of  the  new  corolla  irradiating  fiber  probe. 

An  improved  version  of  the  probe  could  be  fabricated  by  inserting  a  multifiber  in  the 
microcapsule  instead  of  a  single  fiber.  It  should  allow  the  operator  to  side  radiate  only  a 
particular  area  of  the  vessel  corresponding  to  the  arteriosclerotic  plaque. 
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a)  Bare  fiber  radiating  mainly  on  axis.  There  is  a  serious  risk  of 
perforation  of  the  forward  healthy  tissue. 

b)  Special  fiber  tip  radiating  sideways  a  "corolla"  shaped  beam  with 
no  risk  of  perforation. 


v- y.? •.  . 


The  new  probe  for  laser  angiopla¬ 
sty,  consisting  of  a  conical  ended 
fiber  inserted  in  cruartz  microca¬ 
psule.  The  PCS  fiber  has  a  core 
diameter  of  200um;  the  overall  dia¬ 
meter  of  the  capsule  is  1.2mm.  The 
"toroidal  lens"  on  the  top  of  the 
microcapsule  is  clearly  visible. 


Fig.  3  -  Crown  light  pattern  on  a  screen 

illuminated  by  the  new  probe.  The 
screen  was  about  5cm  far. 


■■•VS 


*'S 


y 


deorees 


Fig.  4  -  Optical  behaviour  of  the  new  probe  in  air. 

a)  Meridional  plane  with  the  ray  tracing,  the  profile  of  the  toroidal  lens 
was  derived  from  a  magnified  picture  of  the  sample  which  has  been  used 
subsequently  for  the  experiment. 

b)  Experimental  measurement  (dots)  and  corresponding  theoretical  curve  of 
the  intensity  I  versus  the  radiation  angle  6. 


degrees 


Behaviour  of  the  new  probe  in  aqueous  environment. 

a)  Meridional  plane  with  the  ray  tracing. 

b)  Theoretical  curve  of  the  ratiation  pattern  (  I  plotted  versus  ©  ) 


Fig.  6  -  Optical  behaviour  of  the  new  probe  if  a  bare  fiber  is  inserteu  in  the 
microcapsule  instead  of  the  conical  tip. 

a)  Meridional  plane  with  the  ray  tracing. 

b)  Experimental  measurement  (  dots  )  and  corresponding  theoretical 
curve  of  the  radiation  pattern  (  I  plotted  versus  6  ) . 


Fig.  7  -  Sketch  of  the  tests  performed  on  a 
post  mortem  aorta  segment  with  a 
baie  fiber  and  a  modified  fiber. 
The  argon  laser  pulse  of  different 
energy  gave  rise  to  the  set  of 
craters  shown  in  Fig.  8. 


Fig.  8  -  Set  of  craters  obtained  on  a  post 
mortem  aorta  segment  with  the  pro 
cedure  outlined  in  Fig.  7. The  new 
probe  was  used  to  get  the  top  row 
craters  while  the  bare  fiber  to 
get  the  bottom  row  craters.  The 
energy  of  the  pulses  increased 
from  left  to  right  (  50,75  and 
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Fig.  9  -  Diameter,  size  and 


-  Crater 

diameter 

- Crater 

depth 


Joules 


of  the  craters  shown  in  Fig.  8 


Fig.  10  -  Spot  obtained  on  a  screen  normal  to  the  pr  he  (  the  squared  hole  at  the 
center  of  the  screen  corresponds  to  the  axis  of  optical  sistem  ) . 

a)  When  only  one  fiber  is  coupled  to  the  source. 

b)  When  all  fibers  are  feeded. 
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Abstract 

The  world  literature  of  biostimulation  properties  of  coherent  light  has  been  summarized  and  our 
experience  with  the  He-Ne  laser  f 632 . 8  nm  (nanometer))  at  2-15  mw/square  centimeter  (milliwatt)  output 
has  been  described.  In  general,  the  clinical  use  of  the  He-Ne  laser  at  lower  2-5  mw/square  centimeter 
output  has  been  found  useful  for  stimulation  of  wound  healing  and  collagen  deposition  in  skin  and 
subcutaneous  tissues.  On  the  other  hand,  at  a  higher  output  (5-15  mw/square  centimeter)  this  laser  is 
capable  of  penetrating  tissue  effectively  and  may  be  used  for  producing  sensory  nerve  blockade  and 
providing  a  surcease  of  pain  in  those  patients  with  specific  nerve  or  neuritic  pain  problem.  Furthermore, 
other  clinical  uses  of  the  He-Ne  laser  are  under  investigation. 
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A  growing  number  of  clinical  reports  claim  beneficial  effects  due  to  Helium-Neon  laser  irradiation  in 
pulses  of  1  to  5  mW.  Claims  range  from  enhanced  wound  healing  to  regeneration  of  collagen  in  skin 
epidermis.  Widely  varying  treatment  cycles  were  used  clinically  and  with  different  techniques,  making 
correlation  of  results  difficult,  if  not  impossible. 

The  most  relevant  in  vitro  studies  are  available,1  **  and  there  appears  a  correlative  consistency  under 
the  following  assurr  '  is: 

1.  Coherence  is  essential  for  non-thermal  collagen  stimulation; 

2.  The  collagen  stimulation  is  correlated  with  mRNA,  but  not  with  mDNA  or  any  of  the  enzymes  studied; 

3.  The  effects  are  frequency  dependent;  and 

4.  Collagen  inhibition  and/or  destruction  occurs  at  higher  exposure  levels  when  temperature  increments 
occur . 

However,  Karu  and  Letokhov**  confidently  deny  the  specific  relevance  of  coherence  and  proceed  to 
show  enhanced  DNA  responses  in  HeLa,  E.  coli,  and  Yeast  for  both  coherent  and  incoherent  light,  but 
with  important  frequency  variations  in  the  visible  range.  They  did  not  observe  collagen  and  their 
organisms  do  r^o^  have  collagen.  Therefore,  the  Russian  work  does  but  directly  contradict  the  three 
positive  claims  for  collagen  stimulation  by  coherent  light  effects  in  normal  eukarotic  cells.  Their 
exposure  levels  were  in  the  range  of  1  mj/cm2  to  1C  mj/cm2.  Curiously,  results  for  the  exposure  of 
HeLa  cells  to  a  He-Ne  laser  at  a  fixed  fluency  of  10  mJ/cm2  and  varying  intensity  shows  a  threshold 
response  at  1  mW/cm2.  The  authors  also  claim  considerable  success  in  treating  gastric  ulcers  with 
incoherent  red  light,  but  mostly  with  combined  medical  therapies. 

Boulton  and  Marshal2  found  that  the  enhanced  proliferation  of  human  fibroblast  cells  due  to  pulsed  reel 
light  occured  only  for  the  coherent  laser  irradiation.  They  applied  15  minute  exposures  of  pulsed  red 
light  and  observed  the  cell  counts  after  24  hours  of  incubation.  The  occurrence  or  non-occurrence  of 
enhancement  is  statistically  significant,  although  the  reproducibility  of  the  cell  counts  is  somewhat 
debatable.  Apparently,  a  growth  factor  is  generated  during  the  15  minute  irradiation  period,  while  the 

1  mW  CW  He-Ne  laser  was  chopped  into  3  ms  (millisecond)  pulses  at  100  Hz  (hertz)  to  give  90  mJ/cm2  in 

15  minutes  at  0.1  mW/cm2. 

3 

The  Nd:YAG  laser  experiment  showed  a  marked  decrease  of  both  collagen  production  and  DNA 
replication  in  human  skin  fibroblast  cultures,  whereas  no  such  decreases  were  noted  in  cultures  heated  to 
the  corresponding  temperature  by  incoherent  light.  The  60  IV  CW-Nd:YAC  laser  outputs  at  I0ou  nm. 

With  an  intensity  of  389.6  W/cm2,  exposures  of  3  to  12  seconds  give  1.2  to  4.7  x  103  J/cm2.  This  is 

roughly  one  thousand  times  more  exposure  than  either  the  He-Ne  or  Ga-As  experiments.  It  was 

surprising  that  the  incoherent  source  had  no  effect  at  this  level  of  exposure,  but  the  coherent  effects 
were  confirmed. 

4 

The  procollagen  mRNA  experiment  was  based  on  biopsy  specimens  taken  from  wounded  pigs.  They 
compared  mRNA  levels  found  in  unexposed  controls,  with  the  incoherent  tungsten  lamp,  and  the  He-Ne 
laser.  The  incoherent  exposure  showed  a  slight  enhancement,  but  the  laser  exposure  demonstrated  a 
marked  effect  for  both  type  I  and  type  III  procollagen  mRNA. 

The  In  Vitro  paper1*  gives  additional  results  of  the  effect  of  the  He-Ne  laser  on  human  lymphocyte 
r^sponsF!  The  authors  found  inhibition  of  both  lectin  stimulation  and  spontaneous  lymphocyte 
proliferation  in  vitro  under  low  level  exposure  to  Ga-As  laser  light.  Similarly,  the  functional  immune 
response  to  antigen  stimulation  was  diminished  as  a  result  of  laser  irradiation. 

Thomas  Lam  et  al1  tested  four  human  fibroblast  cell  lines  under  two  lasers: 

1.  A  continuous  wave  He-Ne  laser  at  632.8  nm  with  average  power  of  1.56  mW.  The  cell  lines  were 
irradiated  at  0.883  mW/cm2  with  total  exposures  of  0.053  to  1.589  J/cm2;  and 

2.  A  pulsed  Ga-As  laser  at  904.0  nm  with  200  ns  at  73  Hz  and  average  power  of  0.03  mW.  The  lines 
were  irradiated  at  0.222  mW/cm2  with  total  exposures  of  0.0133  to  0.40  J/cm2,  after  correcting  for  a 
misunderstanding  about  the  average  power. 

Both  lasers  caused  enhanced  procollagen  formation  without  any  observed  effect  on  the  specified  enzyme 
assays.  The  cell  temperature  was  not  appreciably  influenced  by  such  low  level  radiation.  The  He-Ne 
laser  showed  a  maximum  enhancement  at  exposures  of  0.15  J/cm2,  while  the  Ga-As  laser  showed  DNA 
suppression  at  greater  exposures. 

The  difference  between  the  He-Ne  and  the  Ga-As  laser  is  most  remarkable,  and  certainly  deserves 
further  exploration  and  verification.  Cell  line  1  had  the  highest  initial  collagen  level  and  was  more 
difficult  to  stimulate,  whereas  cell  line  3  had  the  lowest  initial  collagen  level  and  showed  the  greatest 
amount  of  stimulation  (i.e.,  36  times).  Only  cell  line  2  was  tested  for  DNA,  and  again  the  lasers  showed 
differing  results. 
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Table  1:  Statistically  Significant  Results  Versus  Controls 


Cell  Line 


He-Ne 


Ga-As 


1  )  (High  Col. ) 
2) 

3)  (Low  Col.) 

4) 


=Col . 

Inc.  Col .  ,  =DHA 
36  x  Col. 
No  obs. 


2  x  Col. 

Inc.  Col,  Dec.  DNA 
=  Col. 

Inc.  Col 


List  of  Variables  Occurring  in  the  Experiments 

Cell  line:  species,  passage,  clone,  stability,  etc. 

Substrate/ suspension 
Trypsin  procedure 
Growth  medium 
Laser/incoherent  source 

Laser:  frequency,  intensity,  exposure,  spectral  purity,  amplitude  stability,  noise,  single/multimode, 
CW /pulse,  etc. 

Dynamics  of  response:  multiple  exposures,  incubations 

Types  of  Observation:  cell  count,  collagen,  DNA.  mRNA,  enzymes,  etc. 

Use  of  Controls:  statistical  significance,  reproducibility. 


Why  Coherent  Light? 


Three  laboratories  have  found  that  coherent  red  light  produces  a  biological  effect  that  is  not  produced 
by  incoherent  light  of  the  same  frequency  and  intensity.  The  low  intensity  behavior  rules  out  two  photon 
absorption,  and  both  one  photon  and  two  photon  absorption  occur  without  regard  for  coherence. 

Coherence  means  that  the  electric  field  can  act  as  a  classical  force.  The  electric  field  due  to  a  single 
photon  is  indeterminate;  if  the  phase  is  known,  then  the  amplitude  is  unknown,  and  vice-versa.  A 
coherent  state  of  many  photons  builds  a  classical  representation  of  the  electric  vector;  having  definite 
phase  and  amplitude.  Low  frequency  fields  are  usually  coherent  multi-photon  states  because  the  sources 
are  driven  by  classical  forces.  The  individual  low  frequency  photons  are  below  the  energy  threshold  for 
easy  detection.  Laser  coherence  implies  coherent  optical  photons  with  enough  energy  to  act  like  photons 
and  drive  a  classical  force.  The  question  is,  "How  does  this  force  act  to  produce  biostimulation?" 

The  indited  dipole-dipole  forces  were  discussed  along  with  several  other  speculative  ideas  by 
H.  Frolich.  At  high  frequency  the  induced  forces  are  proportional  to  R  4  instead  of  being 
exponentially  reduced  by  the  static  coulomb  screening.  It  is  very  tempting  to  assume  that  these  long 
range  frequency  dependent  forces  should  play  a  role  in  the  recognition  processes  before  the  stereographic 
effects  can  come  into  play.  For  example,  a  procollagen  molocule  needs  to  find  the  collagen  fiber  before 
thermal  degradation  occurs,  and  the  resonant  laser-induced  forces  should  be  helpful.  Mitosis  could  be 
another  example.  The  induced  dipole  forces  might  influence  the  assembly  of  mRNA  or  distort  the 
superheliees  enough  to  cause  nicking.  A  caveat  must  be  mentioned:  There  is  no  real  evidence  that  this 
type  l<j>ijig  range  force  is  effective  biologically.  It  is  more  likely  that  polyelectrolyte  effects  are  hard  at 
work. 


The  various  frequency  ranges  are  listed  in  the  table  below.  However,  it  is  difficult  to  cope  with  all 
the  phenomena  occurring  in  a  span  of  14  orders  of  magnitude. 


Table  2: 

Frequencies  and  Wave  Lengths 

for  Major  Regions 

Range 

Frequency 

Wave  Number 

Microns 

Other 

Visible 

6  x  ioj; 

3  x  10  * 

6  X  10  3 

3  x  10  ” 

3  x  10  , 

3  x  10  o 

3  x  1 0 1  u 

20000 

i 

500  nm 

IR 

10000 

1 

1000  nm 

VIE 

2000 

5 

THERMAL 

1000 

10 

VIB 

100 

100 

MM 

10 

1000 

1  nm 

MW 

1 

10000 

1  cm 

ELF 

30 

10000  km 

The  mechanism  of  biostimulation  must  have  an  energy  path  -  i.e.,  causal  connection.  Somehow,  the 
incoming  optical  energy  must  be  converted  to: 

1  .  an  electronic  excitation; 

2.  a  super-thermal  vibration; 

3.  a  sub-thermal  breathing  mode;  or 

4.  molecular  transport  and  assembly. 
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The  rod  photons  are  rather  low  for  electronic  excitation.  Furthermore,  there  are  no  known  red 
chromnphores,  and  electronic  and  sub-thermal  vibration  transitions  do  not  depend  on  coherence. 

Cases  i  and  4  are  relevant.  Ramon  scattering  with  excitation  of  the  degenerate  sub-thermal  breathing 
nodes  becomes  a  coherent  process,  and  art  increasing  electric  field  will  split  the  degeneracies  and  lead  to 
a  non-linear  response.  This  type  of  Ramon  scattering  may  include  the  effect  of  induced  dipole-dipole 
forces  in  a  polymer  molecule,  although  this  effect  has  not  been  established. 

The  mechanism  of  photostimulation  must  start  somewhere.  Frequently,  we  expect  to  initiate  cell 
responses  externally  and  then  trigger  a  response  in  the  cytoplasm;  but  a  photoreaction  in  the  DMA  or  the 
chromatin  complex  might  be  the  trigger.  It  is  also  reasonable  for  laser  light  to  interact  directly  in  the 
cytoplasm  anchor  receptor  proteins. 

Direct  photoreaction  in  the  cytoplasm  or  membrane  receptor  protein  is  a  logical  candidate  for  the  initial 
step,  since  it  is  suspected  that  both  collagen  mRNA  an^l  chymotrypsin  (an  enzyme)  are  structurally 
modified  bv  red  light.  The  evidence  as  regards  mRNA  shows  that  He-Ne  laser  light  (632.8  nm, 

13.8  mV.,  10  J  cm-')  on  rat  liver  RNA  causes  increased  UV  absorption  at  260  nm. 

Possible  Low  Frequency  Mechanism 

Most  lipid  membranes  and  biopolymers  are  negatively  charged  and  associated  with  a  nearly  equal 
number  of  positive  counter  ions.  The  cell  membrane  polarizes  the  adjacent  layer  of  ionic  media  and 
nenorates  a  strong  static  electric  field.  A  low  frequency  external  field  induces  cyclic  counter  ion  flow 
from  pole  to  pole  around  the  cell  membrane.  The  coefficient  of  diffusion  and  the  diameter  of  a  typical  cell 
imply  o  coni', ter  ion  resonance  frequency  of  roughly  20  cps.  Water  flow  is  induced  along  with  the  ions. 
The  ions  and  the  induced  water  move  through  a  forest  of  transmembrane  proteins  and  polysaccharides. 

The  outrfc.iching  polymers  are  stressed  and  dragged  towards  the  poles,  where  they  accumul^tp,  producing 
the  capping  phenomena  seen  in  fluorescent  studies,  the  oscillating  flow  liberates  bound  C A  and  causes 
irreversible  dispersal.  Clearly,  we  have  started  a  significant  cell  response  without  resorting  to  photonic 
t  ruiisi  t  ions . 

At  20  cps  the  induced  counter  ion  flow  tends  to  cancel  the  external  field  so  that  the  applied  electric 
•'lelu  does  not  penetrate  to  the  interior  of  the  cell.  However,  a  low  frequency  magnetic  field,  or  a 
somewhat  higher  frequency  electric  field,  will  penetrate  the  cell  membrane  and  induce  effect  ~rt  the 
several  membranes  and  variously  dispersed  polyelectrolytes  in  tne  cytoplasm.  A  variable  magnetic  field 
will  penetrate  everything  except  a  superconductor,  or  a  large  conductor  with  appreciable  eddy  currents. 
Hence,  if  variable  magnetic  fields  are  applied,  we  expect  the  Faraday-induced  electric  fields  inside  of  the 
cel  I . 


A  Plausible  Enzyme  Mechanism  for  Low  Frequency  Biostimulation 

Although  an  enhanced  enzyme  activation  was  not  reported  in  the  laser  cell  culture  experiments,  a  key 
step  may  have  been  overlooked.  Increased  amounts  of  collagen  mRNA  were  observed,  and  low  frequency 
experiments  found  increased  activity  of  ornithine  decarboxylase  (=ODC),  enolase,  and  ATPase,  along  with 
increased  amounts  of  cAMP,  hyluranatic  acid,  and  mRNA. 

The  first  stage  in  the  cascade  of  enzyme  activity  is  activation  of  a  cAMP-dependent  protein  kinase.  A 
hormone  or  neurotransmitter  binds  to  a  specific  receptor  protein  located  on  the  outside  of  the  plasma 
membrane,  the  first  messenger  never  enters  the  target  cell.  The  hormone-receptor  complex  diffuses  to 
an  adenylate  cyclase  in  the  plane  of  the  biiayer.  Adenylate  cyclase  contains  at  least  two  subunits.  One 
possesses  catalytic  activity,  and  the  other  is  a  regulatory  protein.  The  regulatory  protein  binds  GPT. 
Only  then  does  the  catalytic  protein  become  active,  forming  cAMP  from  ATP.  The  regulatory  protein  can 
hydrolyze  CTP,  and  once  GTP  has  been  hydrolyzed,  the  catalytic  subunit  is  no  longer  active.  (One 
mechanism  is  through  G  protein  activation  by  the  frequency-dependent  coherent  light  at  632.8  nm 
wavelength.)  An  enormous  range  of  hormones  also  alter  the  activity  of  adenylate  cyclase  in  higher 
organ  isms . 

The  second  stage  in  the  enzyme  cascade  is  the  activation  of  a  protein  kinase  by  cAMP.  Cyclic 
AV.P-dependent  protein  kinases  are  tetramers  composed  of  two  catalytic  and  two  regulatory  subunits. 
Cyclic  AMP  binds  to  the  regulatory  subunits,  and  the  inactive  protein  dissociates  into  active  catalytic 
subunits  and  regulatory  subunits  bound  to  cAMP.  The  newly  phosphorylated  protein  thereby  produces  a 
physiological  or  metabolic  response. 

Clinical  Considerations  -  He-Ne  Laser 


We  have  utilized  the  He-Ne  laser  (at  632.8  nm)  2-15  mW  over  1-5  cm  areas,  from  10  seconds  to  5 
minutes  over  repeated  areas  in  a  variety  of  medical  conditions.  Absolute  indications  for  the  use  of  the 
He-Ne  laser  in  medicine  are: 

Wound  healing.  In  over  150  patients  with  severe  decubiti  deeply  penetrating  into  musculofacial  planes 
up  to  10  1 5  crfT deep  and  3-8  cm  in  diameter  have  been  treated  with  uniformly  dramatic  increases  in 
granulation  tissue  and  decubiti  healing. 
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The  following  case  is  illustrative  of  the  effects  of  the  He-Ne  laser  upon  wound  healing: 

The  case  is  that  of  a  50-year-old  male  with  adenocarcinoma  of  the  kidney  with  metastasis  to  the  spine 

and  resultatnt  paraplegia.  The  patient  received  irradiation  to  the  spine  and  was  concurrently  treated 
with  recombinant  Interferon  Alpha.  He  developed  decubiti  (bed  sores)  in  1987  on  both  buttocks  that 
would  not  heal.  In  fact,  they  were  grossly  infected  and  the  plastic  surgeon  had  placed  him  on  a 
medical  treatment  plan  from  January  until  the  August  1988. 

From  January  to  August  1  988  the  decubiti  simply  grew  larger  and  became  even  more  grossly  infected. 

On  August  1  8,  1  988,  the  left  decubitus  measured  4.5  inches  deep  and  was  3.5  inches  wide;  the  right 

decubitus  measures  3.5  inches  deep  and  was  3  inches  wide.  He  was  started  on  He-fJe  laser  treatment 
twice  a  week  for  1-3  minutes  per  area  at  5  mVV  output  632.8  nm.  After  the  second  treatment  the  pus 
and  purulent  material  which  filled  both  ulcers  was  no  longer  present  and  has  never  reappeared 
(although  the  medical  management  has  not  changed). 

In  the  second  week  nodules  of  pink  granulation  tissue  could  be  seen  sprouting  from  each  side  and  the 
base  of  the  ulcer,  and  the  following  week  spicules  of  granulation  tissue  were  joining  across  the 
midline.  Gradually,  week  by  week,  the  granulation  tissue  filled  in,  along  with  the  epithelium.  By 
mid-October,  the  patient  was  able  to  resume  work  (sitting  six  hours  a  day).  This  is  generally 
contraindicated  in  patients  with  routine  decubiti  management.  Furthermore,  by  November  15,  1988, 
both  decubiti  were  essentially  healed. 

Pain  management.  Early  in  the  course  of  wound  healing  it  was  noted  that  patients  noted  n  remarkable 
reduction  of  pain  in  the  neurotomes  treated  with  the  He-Ne  laser;  this  occurred  without  a  loss  of 
sensation.  Therefore,  In  order  to  clarify  pain  pathway  mechanism  a  normal  ulnar  nerve  was  stimulated 
via  the  He-Ne,  and  conduction  velocities  were  recorded  in  the  routine  manner.  The  data  are  both 
biologically  accurate  and  conform  to  the  clinical  observations.  The  following  data  is  a  summary  of 
conduction  velocity  of  the  ulnar  nerve  irradiated  with  the  He-Ne  laser. 

Ulnar  Nerve  Stimulation  Effect  of  He-Ne  Laser 


STIMULUS  IN  j  SECONDS 


LATENCY 

AMPLITUDE 

CONDUCTION 

VELOCITY 

TIME 

EXPOSURE 

DROP  IN  MS 

5.3 

20  uV 

49.0  M./sec 

0 

0 

5.6 

20 

46.4 

30 

■  5% 

5.8 

20 

44.8 

60 

-5% 

5.9 

20 

44.1 

120 

-10; 

Treatment  of  Pain  Syndromes.  Following  the  studies  noted  above,  over  50  patients  (450  patient 
treatments)  have  been  irradiated  with  the  He-Ne  laser  with  an  astounding  90%  relief  of  pain.  These 
patients  were  carefully  screened  prior  to  inclusion  into  the  study,  however,  and  only  those  cases  of 
posttraumatic  neuroma  pain,  post  surgical  neuroma,  carpal  tunnel  syndromes,  ii‘ercostal  neuralgia,  and 
specific  bone  metastasis  (rib)  pain  were  included  as  a  part  of  an  ongoing  clinical  research  project. 

Additional  medical  applications  of  the  He-Ne  laser  are  part  of  extensive  clinical  evaluation  at  Daylor 
College  of  Medicine. 

This  work  has  been  generously  supported  by: 

Baylor  College  of  Medicine 

The  Institute  of  Rehabilitation  and  Research 

Medcci  Foundation. 

The  lasers  utilized  have  been  manufactured  to  specifications  developed  under  FDA  manufacturing  codes 
by  Bioquantum  Technologies. 
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ABSTRACT 

Low  energy  laser  irradiation  is  promoted  as  a  safe  and  effective  treatment  for  a  multitude  of  neurologi¬ 
cal,  soft  tissue  and  musculoskeletal  conditions.  Unfortunately,  although  a  wide  variety  of  laboratory 
and  clinical  effects  have  been  reported,  a  mechanism  of  action  is  not  established  and  therapeutic  effec¬ 
tiveness  is  controversial.  This  paper  briefly  reviews  the  current  clinical  and  experimental  status  of 
this  interesting  therapeutic  approach. 


INTRODUCTION 


Early  research  with  low  energy  lasers  in  the  mid  and  late  1960s  began  in  eastern  Europe  and  Russia  with 
initial  efforts  emphasizing  wound  healing,  analgesia  and  cellular  processes. 3<2  Over  the  years,  this 
early  activity  has  been  supplemented  further  by  research  in  that  region,  as  well  as,  around  the  world. 
Nevertheless,  despite  a  variety  of  interesting  findings  (Table  1),  a  mechanism  of  action  is  not 
established,  treatment  effectiveness  remains  arguable  and  Food  and  Drug  Administration  (FDA)  approval  for 
clinical  use  does  not  exist. 


Currently  however,  low  energy  lasers  (defined  here  as  those  with  powers  <50  mW)  are  used  in  many 
countries  to  accelerate  wound  healing,  lessen  pain  and  reduce  inflammation  in  both  animals  and 
humans. 2,21-24  jn  ^e  united  States  "laser"  treatment  is  less  common  and  powers,  for  the  most  part,  are 
restricted  to  powers  of  a  milliwatt. 25 

TREATMENT  RATIONALE  AND  MECHANISM  OF  ACTION 

Two  basic  guestions  are  appropriate  when  considering  the  potential  effectiveness  of  low  energy  laser 
treatment:  (1)  does  a  significant  amount  of  radiation  reach  the  tissues  being  treated  and,  if  it  does, 

(2)  how  might  a  biological  effect  be  produced?  The  first  of  these  issues  is  addressed  by  considering  the 
optical  characteristics  of  tissue.  The  second,  that  of  a  mechanism  of  action,  is  more  difficult. 

The  optical  characteristics  of  tissues  have  been  studied  in  detail.  As  a  result,  while  light 
transmission,  absorption  and  scattering  are  complex  functions  of  tissue  structure,  pigmentation  and  wave¬ 
length,  a  number  of  general  statements  can  be  made.  For  example,  a  "window"  of  sorts  exists  for  most 
soft  tissues  in  the  0.60  to  1.3  urn  portion  of  the  spectrum  that  includes  most  low  energy  lasers  in  clini¬ 
cal  use.  More  specifically,  the  intensity  of  a  beam  in  this  region  decreases  by  about  1/e  ( i . e . ,  37%)  of 
its  initial  value  at  depths  of  0.75  to  2.2  mm. 26  More^graphical ly,  about  1%  of  energy  in  a  beam  in  the 

0.605  to  0.850  urn  region  penetrates  the  human  chest  wain  and  a  1  mW  HeNe  laser  (0.632  urn)  easily  trans- 
ill  umi nates  a  finger . 

Thus,  it  is  possible  to  accept  that  low  energy  laser  radiation  penetrates  soft  tissue  well  enough  to 
deliver  a  reasonable  amount  of  energy  to  superficial  nerves,  wounds  and  joints  such  as  those  in  the  hands 
and  feet.  Penetration  to  deeper  depths  is  less  and  treatment  effectiveness  more  problematical. 

It  is  important  to  realize  that,  by  definition,  low  energy  laser  treatment  takes  place  at  such  low  inten¬ 
sities  that  any  effects  that  may  take  place  result  from  the  direct  effects  of  the  irradiation  and  not  as 
the  result  of  heating. 18, 27-30  por  example,  if  all  the  energy  of  i  50  mW  laser  beam  (a  power  at  the 
upper  end  of  the  low  energy  laser  range)  striking  the  surface  of  a  two  centimeter  diameter  area  the  skin 
for  a  minute  is  absorbed  within  a  centimeter  of  the  surface,  the  calculated  tissue  temperature  elevation 
is  less  than  0.3°  C.  (Experimental  measurements  are  in  agreement  with  this  expectation;  minimal  to  0.5° 

C  temperature  increases  occur  following  irradiations  at  these  energies. 13,31)  for  the  sake  of  com¬ 
parison,  common  physical  therapy  agents  such  as  hot  packs,  ultrasound  and  shortwave  diathermy  may  raise 
tissue  temperatures  by  5°C  or  more. 32 

It  should  be  remembered  that  nonthermal  photobiochemical  processes  occur  throughout  nature  and  are  not 
uniquely  associated  with  lasers.  Ultraviolet  light,  for  example,  tans  skin  and  kills  germs  with  wave 
length  specific  reactions.  Similarly  other  processes  such  as  photosynthesis,  vision  and  Vitamin  D  meta¬ 
bolism  are  more  efficient  at  some  wavelengths  than  others. 
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A 1  thouqh  generalized  heating  does  not  occur,  localized  warming  of  subcellular  structures  is  possible  and 
may  be  capable  of  altering  metabolic  function.  Restrictions,  however,  limit  the  magnitude  of  possible 
temperature  inhomogenuit  s.33  For  example,  if  the  thermal  relaxation  time  of  an  object  is  long  compared 
with  the  treatment  time  warming  occurs;  if  a  relaxation  time  is  short  relative  to  the  treatment  time, 
little  heating  can  occur.  Specifically,  small  structures,  such  as  mitochondria,  which  have  large 
surf ace-to-vol ume  ratios  would  be  expected  to  have  short  relaxation  times. 

This  expectation  is  correct.  Relaxation  times  for  objects  of  these  sizes  are  known;  nanoseconds  for  sub- 
cellular  structures,  microseconds  for  cells  and  milliseconds  for  100  urn  tissue  components . 33  Thus,  for 
example,  is  it  known  that  a  XeF  laser  pulse  of  0.05  to  0.4  J/cm^  over  20  nsec  can  damage  and  kill  melano¬ 
cytes  in  the  skin. 33  Exposure  to  similar  energy  levels  occurs  in  low  energy  laser  treatment,  but 
requires  seconds.  Since  seconds  are  many  times  longer  than  the  relaxation  times  of  these  structures, 
selective  heating  during  pulsed  or  continuous  wave  length  low  energy  laser  therapy  is  minimal. 

Living  cells  maintain  electrical  gradients  across  their  membranes  and  it  is  tempting  to  consider  whether 
laser  irradiation  can  disrupt  these  potentials.  Focused  high  power  laser  beams  can  produce  intensities 
of  10^3  w/cm2  36  a(1(j  gave  corresponding  electric  field  strengths  of  6  x  10°  V/m.  This  is  equivalent  to 
a  4000-6000  V  potential  difference  across  the  dimensions  of  a  typical  cell  and  is  obviously  large  in  com¬ 
parison  with  the  50-70  mV  potentials  maintained  by  cells  themselves.  Beam  intensities  of  low  power 
lasers,  on  the  other  hand,  are  routinely  less  than  6  W/cm?  and  have  corresponding  electric  fields  of 
about  50  V/m.  These  fields  are  equivalent  to  0.3-0. 5  mV  across  a  cell;  a  value  that  seems  unlikely  to 
perturb  membrane  potentials. 

If  low  intensity  laser  irradiation  does  produce  nonthermal  reactions,  the  mechanism  may  involve  either 
(1)  properties  of  light  in  general,  (2)  the  properties  of  laser  radiation:  collimation,  coherency  and 
monochromaticity  or  (3)  the  fact  that  lasers  produce  radiation  that  is  more  intense  and/or  more  highly 
polarized  than  is  normally  available  from  other  sources. 

Information  exists  about  these  issues.  For  example,  coherency  and  polarization  may  not  be  important  as 
some  studies  report  producing  stimulative  effects  with  noncoherent  1 ight . 3 .?> 30, 37-39  jn  addition  tissue 
scattering  rapidly  degrades  beam  coherency  and  low  energy  laser  experiments  are  often  done  with  fiber 
optic  delivery  systems  which  lessen  both  collimation  and  coherency.  Given  the  number  of  studies  which 
find  stimulation  of  cellular  processes  following  irradiation  with  very  low  energy  noncoherent  monochroma¬ 
tic  sources,  it  may  be  that  all  that  is  needed  is  light  at  a  specific  intensity  and  wavelength. 30 

LABORATORY  AND  CLINICAL  RESEARCH 

As  might  be  expected  for  a  controvers  ia 1  technique,  the  research  literature  is  fragmented  and 
conflicting.  Much  work  is  poorly  described  and  clinical  evaluations,  particularly  in  the  earlier  stu¬ 
dies,  are  often  neither  controlled  nor  blinded.  More  recently  research  rigor  and  quality  has  improved. 
Nevertheless,  as  the  following  paragraphs  illustrate,  a  multitude  of  scattered,  and  potentially  incon¬ 
sistent,  results  are  reported. 

Neuronal  Function 

Rochkind  et  al,  for  example,  reported  improved  peripheral  nerve  regeneration  in  rats  whose  crush  injured 
sciatic  nerves  were  subsequently  irradiated  with  a  17  mW  HeNe  laser. 40  Additional  work  by  the  same 
group,  using  the  optic  nerves  of  rabbits  (as  a  model  of  CNS  injury),  also  showed  improved  recovery  and 
function  following  irradiation  with  a  similar  laser  over  a  8  to  15  day  period. ^3 

On  a  somewhat  more  applied  level,  some  investigators  find  that  low  energy  laser  irradiation  generates 
action  potentials  and  suppresses  clonus  in  humans .40-44  other  studies,  however,  may  not  replicate  these 
results. ^3  jn  the  same  vein,  some  researchers  report  increased  distal  nerve  latencies  following 
irradiation,^, 44  while  others  find  no  change  in  either  nerve  conduction  velocity,  or  action  potential 
amplitude^  following  irradiation  and  no  benefit  in  the  treatment  of  median  nerve  compression  neuropathy 
(carpal  tunnel  syndrome).  ° 

Pain 


Whether  low  energy  laser  irradiation  produces  analgesia  also  remains  controversial.  Thus,  while  some 
mvestgi at  ions  find  no  effect  from  low  energy  treatment,  other  describe  pain  reduction  in  animals  as  well 
as  m  a  variety  of  human  musculoskeletal,  rheumatological  and  neurological  conditions. 


Musculoskeletal  pain,  in  particular,  has  been  an  active  area  of  study.  Several  studies ,47,48, 49  for 
example,  report  60-80%  reductions  in  osteoarthritic  pain  following  treatment  with  a  variety  of  lasers 
(HeNe,  Nd:YAG,  and  GaAlAs)  and  different  techniques.  Additional  controlled  studies  of  osteoarthritis  and 
sports  injuries30>31  as  well  as  uncontrolled  studies  with  as  many  as  1600  subjects^,  52  aiso  f  i  ncj  treat¬ 
ment  beneficial.  However,  not  all  investigators  find  low  energy  laser  effective 
ep i condyl i t i s ,39  as  well  as  knee  and  thumb  osteoarthritis  may  not  detect  benef 


ve  and  investigations  of 
53,54,55 


Neck  pain,  headaches  and  back  pain33,48,49  f,ave  been  studied  in  poorly  controlled  groups  with  60-80%  of 
the  subjects  reporting  partial  or  total  relief  following  treatment.  Successful  treatment  of  shoulder 
pain,  tendonitis  and  per i ar thr i t i s  is  also  reported  in  uncontrolled  trial s^^ , 49 , 56  other  studies  of  tr i - 
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geminal  neuralgia,  post  herpetic  neuralgia,  radiculopathy  and  diabetic  neuropathy  also  find  40  to  80%  of 
those  treated  reporting  some  benefit. 28, 47, 48, 49  while  results  such  as  these  are  intriguing,  the  studies 
are  limited  and  can  only  be  used  to  suggest  further  evaluation. 

Rheumatoid  Arthritis 


Rheumatoid  arthritis  is  another  area  of  active  investigation.  One  of  the  first  controlled  studies  was  a 
double  blinded  investigation  of  30  patients  reported  in  1980. 68  At  the  conclusion  of  the  experiment,  the 
investigators  reported  a  lessening  in  hand  joint  warmth,  lessened  pain,  reduced  erythema  and  improved 
function.  With  the  exception  of  a  decrease  in  platelet  aggregation,  laboratory  and  x-ray  studies  were 

unal tered . 


It  is  significant  that  this  study  used  a  Q-switched  laser  at  energies  of  15-?5  J.  As  such,  it  does  not 
represent  most  low  energy  laser  treatment  since  it  involved  higher  energies  than  normal  (15-25  J  rather 
tnan  1-4  J)  and  extremely  short  pulse  durations. 

Otner  blinded  studies  of  rheumatoid  arthritis  have  been  preferred  with  HeNe,  GaAlAs  and  GaAs  lasers  at 
energies  well  within  low  energy  range . 22 , 58 , 59 ,60  Most  of  the  studies  find  treatment  produces  at  least 
some  lessening  of  pain,  increase  in  function  and/or  reduction  medication  use.  Some  also  report  altered 
laboratory  parameters  such  as  the  erythrocyte  sedimentation  rate  (ESR),  white  count  and  C  reactive  pro¬ 
tein  (CRP)  although  a  consistent  pattern  is  not  apparent.  Whether  or  not  these  changes  will  prove  to  be 
clinically  significant,  remains  to  be  seen. 


Wound  Heal i ng 


Acceleration  of  soft  tissue  wound  healing  (particularly  within  the  first  several  days  of  wounding)  is 
often  reported, in  small  animals  such  as  rodents^>38,39,61 ,62  as  well  as  jn  humans  (e.g.,  skin,  mouth  and 
following  low  energy  laser  treatment.  Unfortunately,  the  fact  that  many  of  the  eva- 


cerv  i x  )2,4 ,6,63 


uations  are  poorly  controlled  and  incompletely  described  makes  interpretation  difficult. 


It  may  also  be  significant  that  the  more  successful  studies  are  often  done  with  animals  such  as  rabbits, 
guinea  pigs  and  rats  whose  skin  is  quite  loose  and  heals  in  large  part  by  contraction.  Experiments  with 
pigs,  which  have  a  more  adherent  skin  and  may  serve  as  a  better  human  model,  tend  to  be  less  encouraging 
and  may  show  little  or  no  benef i t. 28,64-67 


Safety 


Since  thermal  damage  and  tissue  destruction  is  not  an  issue  with  low  energy  laser  therapy,  safety  issues 
center  on  protecting  the  eye  (due  to  the  sensitivity  of  the  retina  as  well  as  the  focusing  ability  of  the 
cornea  and  lens)  from  direct  exposure  to  the  beam.  For  example,  a  brief  glance  at  a  1  mW  HeNe  laser  beam 
can  produce  a  headache  and  protective  lenses  should  be  worn  when  using  even  the  lowest  powered  lasers. 
Mutagenic  and  carcinogenic  concerns  are  periodically  raised  but  it  should  be  remembered  that  lasers  are 
prevalent  in  everyday  life  (bar  code  scanners,  pointers,  etc),  industry  and  surgery,  and  that  there  has 
been  a  dearth  of  detrimental  side  effects. 
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TABLE  1 


CELLULAR  EFFECTS  OF  LOW  ENERGY  LASER  IRRADIATION 


Phenomenon 
(References ) 

Change  and 
Reported 

Model 

Laser 

Col lagen 
and  protein 
synthesis 
(3-8) 

Increase 

& 

Decrease 

Human  fibroblasts, 
rabbit  skin, 
human  synovium. 

Bovine  cartilage 

HeNe 

HeNe+GaAs 
Nd:P04  glass 
Nd:YAG 

RNA  Synthesis 
(3) 

Increase 

Mouse  skin 

HeNe 

Cell  Proliferation 
(9-11) 

Increase 

& 

Decrease 

Mouse  fibroblasts. 

Human  lymphocytes 

Ruby 

HeNe 

GaAs 

Cell  Granule 

Release 

(12) 

Increase 

Mouse  mast  cel  Is 

HeNe 

Cell  Motility 
(13) 

Increase 

Human  Sperm 

Kr 

Membrane  Potential 
(14-16) 

Increase 

Rat  liver  mitochrondria, 
Human  fibroblasts 

HeNe 

Cell  8inding 
Affinities 
(16,17) 

Increase 

Human  lymphocytes  and 
fibroblasts 

HeNe 

Neurotransmi tter 
Release 
(18) 

Increase 

Acetylchol ine 
(guinea  pigs) 

Ruby 

Oxyhemoglobin 

Dissociation 

(19) 

Increase 

Phagocytosis 

(2) 

Increase 

Human  leukocytes 

Ruby 

ATP  Syntheses 
(14-15) 

Increase 

Rat  liver  mitochrondria 

HeNe 

Intercel  1 ular 

Matr i x 

(20) 

Increase 

Mouse  retina 

HeNe 

Prostaglandin 

Increase 

Rat  skin 

HeNe 

Synthesis 

(6) 
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SMALL  ARTERY  REPAIR  WITH  THE  C02  LASER 


Eric  A.  Leefntans,  M.D.,  John  V.  White,  M.D.,  Mira  L.  Katz  B.S.,  R.V.T. 
and  Anthony  J.  Comerota  M.D.,  F.A.C.S. 

Temple  University  School  of  Medicine,  Philadelphia,  PA  19140 

ABSTRACT 


Conventially  sutured  small  arterial  anastomoses  have  a  high  failure  rate.  Laser  fusion  arterial  anasto¬ 
moses  of  1-2  mm.  vessels  have  been  successful  and  suggest  a  possible  role  of  the  laser  in  decreasing  the  high 
failure  rate  of  small  vessel  anastomoses.  We  have,  therefore,  undertaken  a  study  to  examine  if  laser  fused 
arterial  anastomoses  are  feasible  in  3-4  mm.  vessels.  Our  short  term  data  not  only  supports  the  feasibility 
of  laser  fused  arterial  anastomoses  in  the  size  range  but  also  suggest  that  the  healing  process  involves  less 
inf  lamination  and  consequently  less  stricturing. 


INTRODUCTION 


Small  vessel  vascular  repairs,  though  easy  in  principle,  continue  to  vex  even  the  best  surgeons. 

There  has  been  much  improvement  both  in  technique  and  materials  since  Alexis  Carrel  first  introduced  his 
triangulating  technique  in  1902.  Nonetheless,  early  failures  of  distal  small  vessel  bypasses  are  still 
common.  It  seems  clear  that  we  are  a  long  way  from  the  perfect  anastomosis.  Both  systemic  and  local  factors 
are  involved  in  these  early  anastomotic  failures.  Hypercoagulable  states  and  thrombocytosis  enhance  systemic 
thrombotic  potential.  Locally,  the  transmural  passage  of  the  needle  induces  multiple  sites  of  injury  to  the 
arterial  wall.  The  presence  of  suture  material  may  incite  inflammation,  harbor  infection,  lead  to  granuloma 
formation,  and  alter  or  inhibit  normal  healing.  In  small  vessels  even  apparently  minor  defects  or  trivial 
inflammation  may  result  in  anastomotic  failure.  Laser  fusion  of  tissue  eliminates  the  local  injury  induced  by 
needle  and  suture.  This  has  prompted  us  to  investigate  laser  fusion  as  a  possibly  less  traumatic  method  of 
performing  vascular  anascomoses. 


THE  LASER 

Since  the  first  report  of  laser  vascular  repair  in  1979  (1)  several  investigators  have  studied  laser 
vascular  repair  in  search  of  the  ideal  technique  for  performing  a  vascular  anastomosis  (2,3).  Amoung  the 
currently  available  lasers,  the  C02  laser  has  several  merits  which  make  it  an  excellent  choice  for  vascular 
repair.  With  its  10.06  urn.  wavelength,  the  C02  laser  is  primarily  absorbed  by  water  and  its  tissue  interac¬ 
tion  is  not  chromophore  dependent.  Consequently,  the  ubiquity  of  water  in  tissue  results  in  the  avid  absor¬ 
ption  of  the  laser  beam  near  the  vessel  surface.  This  shallow  depth  of  penetration  permits  very  precise 
control  of  the  tissue  effect.  Water  absorption  of  the  C02  laser  energy  also  results  in  the  rapid  dissipation 
of  heat  generated  by  the  photothermal  laser,  thereby  minimizing  injury  to  adjacent  tissue.  Finally,  the  C02 
laser  has  milliwatt  capability  allowing  the  surgeon  to  fine  tune  the  power  output  to  1/1000  of  a  watt  (  1 
milliwatt  ). 


POWER  DENSITY 


A  standard  Sharplan  1040  C02  laser  is  attached  to  an  operating  microscope  with  a  microslad  containing 
a  300  min.  lens;  with  this  set  up,  we  have  performed  laser  anastomoses  of  transected  rabbit  aortae.  The  laser 
power  is  set  at  200  mW.  Periodically  the  power  delivered  is  checked  with  an  external  meter.  The  300  mm. 
coupling  lens  of  the  microslad  creates  a  420  urn.  spot  diameter  which  yields  a  power  density  of  145W/cm  . 

Energy  fluence,  per  se,  is  not  an  end  point  in  the  creation  of  an  anastomosis.  Instead,  the  visual¬ 
ization  of  light  brown  vessel  edges  melted  together  is  used. 


TECHNIQUE 


The  anastomosis  is  performed  in  four  steps.  First,  the  divided  ends  of  the  rabbit  aorta  are  brought 
into  tension-free  approximation  with  the  aid  of  an  Acland  clamp.  Next,  three  10.0  nylon  mattress  sutures 
are  equidi stantly  placed  as  stay  sutures.  The  placement  of  the  mattress  sutures  everts  and  coapts  the  vessel 
edges.  Eversion  of  the  vessel  edges  increases  the  surface  area  to  be  fused  together.  The  third  step  involves 
placing  diverting  tension  on  the  stay  sutures  in  a  direction  perpendicular  to  the  long  axis  of  the  vessel. 

The  final  step  is  simpl  /  ;he  directing  of  the  laser  beam  to  weld  the  vessel  edges  together.  The  laser  power 
is  continuously  applied  until  a  light  brown  color  is  seen  along  the  vessel  ends,  which  signifies  fusion. 

Upon  completion,  an  appropriately  constructed  laser  fusion  anastomosis  should  not  appear  charred  or  stenotic 
(  Fig.  1  ). 
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RESULTS 


In  a  series  of  twenty-oi  e  rabbit  laser  anastomoses  constructed  using  this  technique,  there  was  a  100" 
success  rate  and  a  100.  patency  rate,  from  7  days  to  6  months.  Healing  was  assessed  histologically  from  7 
days  to  6  months  postoperatively.  A  few  additional  anastomoses  were  performed  to  assess  the  acute  histology 
at  one  hour. 

Immediately  after  laser  fusion,  the  flow  surface  in  the  area  nf  the  anastomosis  is  denuded  of  endothel¬ 
ial  cells.  The  exposed  collagen  is  dotted  with  only  a  few  small  platelet  aggregates.  Few  viaDie  cells  remain 
in  the  media,  and  collagen  in  both  the  media  and  adventitia  appears  melted  together.  A  teap"  of  fused  collag¬ 
en  bridges  the  adventitial  surface  of  the  vessel  edges  (  fig.  2  ).  The  initial  injury  caused  by  the  laser  is 
therefore  transmural,  but  there  is  no  foreign  material  left  behind  to  propagate  further  injury. 

Histologically,  at  one  week,  there  is  minimal  inflammation  at  the  anastomotic  site.  The  intima  and 
media  are  only  slightly  thickened.  A  coagulum  of  collagen  bridges  the  adventitial  edges  of  the  anastomosis. 
The  only  granulomas  present  are  associated  with  stay  sutures,  not  with  the  laser  welded  edges  (  fig.  4  ). 

Scanning  electron  microscopy  of  the  flow  surface  demonstrates  smooth  exposed  acellular  collagen  acutely 
without  significant  platelet  aggregations  (  fig.  3  ).  By  one  month  the  intimal  surface  is  covered  with  endo¬ 
thelium  indistinguishable  from  that  of  distant  sites.  The  only  disruptions  of  the  anastomotic  site  are  the 
crevices  dug  by  the  stay  sutures. 


CONCLUSIONS 

Using  a  power  density  of  145W/cm^  successful  laser  vascular  anastomoses  can  be  performed  in  4mm  rabbit 
aortae.  Patency  rates  are  excellent.  The  histology  and  electron  micrographs  are  extremely  promising  in  terms 
of  the  lack  of  inflammation,  the  lack  of  intimal  and  medial  thickening,  and  the  virtually  flawless  integrity 
of  the  flow  surface  after  one  month.  Like  sutured  anac ‘■'"’oses ,  failure  rates  are  technique  dependent,  empha¬ 
sizing  the  need  to  critically  evaluate  and  to  define  clinical  method  of  laser  fusion  if  these  anastomoses 

are  to  play  a  role  in  clinical  surgery. 
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Fig.  3.  Electron  micrograph  of  the  flow  surface  of  the  area  at  a 
newly  formed  anastomosis.  Note  collagen  is  intact.  A  few  scattered 
aggregates  of  platelets  cover  the  denuded  subendothelium. 


Fig.  4.  Histological  appearance  of  a  laser  fusion  anastomosis  at  one  week 
Note  the  prominent  fusion  "cap"  on  the  adventitial  surface  and  the  lack  of 
inflammation.  (  H.  and  E.  stain  ) 


INDUSTRIAL  LASER  USE  IN  NAVY  DEPOTS 


Dr.  Julius  Alker 
Industrial  Engineer 
Naval  Air  Systems  Command 
Naval  Air  Systems  Command  Headquarters 
Washington,  DC  20631-4300 

Abstract 

The  United  States  Navy  depots  comprise  the  largest  industrial  complex  on  earth.  They 
rework  and  repair  ships,  aircraft,  engines,  electronic  instruments  and  components. 
Industrial  lasers  find  increased  use  in  these  operations,  such  as,  specialized,  large 
scale  measuring  instruments  used  in  dimensional  verification,  laser  robotic  vision 
controlled  operations,  scanners,  and  robotic  depainters.  A  3-D  vision  system  combined 
with  a  seven  axis  inspection  robot  and  a  sophisticated  computer  system  reduced  propeller 
inspection  time  90%.  This  combined  with  six  axis  robots  shapes  and  balances  ship 
propellers.  3-D  vision  systems  provide  increased  welding  capabilities  at  Naval  shipyards. 
At  the  opposite  end  of  the  scale,  laser  scanners  used  in  reverse  engineering  work  to 
0.002"  tolerances  and  combined  with  CAD  systems  are  programmed  to  provide  shop  level 
drawings.  Naval  air  depots  have  under  development  computer  controlled  equipment  with 
robotic  laser  vision  systems.  One  system,  a  laser  cutter  and  welder,  will  rework  major 
aircraft  engine  components.  Pairs  of  self  propelled  laser  guided  robotic  depainter  units 
are  scheduled  for  operations  in  the  mid  1990s.  A  robotic  laser  inspection  and  welding 
system  reduces  repair  times  several  hundred  hours  an  engine. 

Discuss  ion 

Introduction 

With  six  naval  aviation  depots,  eight  ship  yards,  an  avionics  center,  numerous  weapon 
and  ordnance  stations,  ranges,  laboratories  and  local  repair  and  maintenance  facilities 
the  U.S.  Navy  commands  the  largest  repair,  research  and  maintenance  complex  on  earth.  An 
industrial  complex  of  such  magnitude  routinely  uses  a  number  of  laser  cutting,  welding, 
measuring  and  other  such  equipment,  most  of  which  are  found  in  many  industrial 
facilities.  This  presentation  will  deal  with  six  specific  types  of  equipment  developed 
for  the  U.S.  Navy;  all  use  lasers  vision  systems  in  combination  with  robotics, 
sophisticated  computation  equipment,  and  often  with  machining  centers. 


Robotic  laser  depaintinq 

The  U.S.  Navy  has  the  largest  depainting  activity  on  earth.  In  the  equipment  rework 
or  repair  cycle  paint  is  often  removed  from  aircraft,  ships  and  components.  Current 
depainting  metnods  use  liquid  chemicals,  producing  a  large  amount  of  hazardous  liquid 
waste  and  also  increase  the  total  volatile  organic  compound  levels  in  the  air.  This 
method  must  be  eliminated  in  some  areas  of  the  country.  The  currently  practiced 
alternate  method  to  chemical  depainting,  abrasive  blasting,  produces  a  large  amount  of 
solid  waste,  which  is  easier  to  handle  than  the  liquid  and  gaseous  wastes  derived  from 
chemical  depainting,  but  still  constitutes  waste  elimination  problems.  The  new  method  of 
aircraft  laser  depainting  uses  vehicles  provided  with  a  laser  vision  system  able  to 
determine  the  composition  of  the  target  area.  The  equipment  is  first  flooded  with  xenon 
white  light  to  standardize  wave  length,  as  the  spectral  analysis  uses  the  reflected  wave 
length  emitted  by  the  target  area.  The  system  can  distinguish  among  paint,  primer,  and 


different  substrates.  Thus,  it  can  be  programmed  to  remove  paint  only,  or  paint  and 
primer.  When  the  composition  of  the  target  is  determined,  and  plans  call  for  its 
removal,  the  4-6kW  C0X  pulsed  laser  fires  to  remove  the  paint  of  lent2,  area  at  a  time. 
Operations  are  performed  in  a  controlled  environment  constructed  of  five  minute  laser 


resistant  walls,  eliminating  the  release  of  organic  compounds  to  the  atmosphere,  while 
protecting  people  from  laser  radiation.  Current  plans  call  for  one  robot  on  each  side  of 
the  airplane  (Figure  l).  The  operator  positions  the  robots  and  then  the  automated  system 
removes  all  the  required  material  within  the  reach  of  the  robot  (generally  a  2  FT  strip). 
The  operator  will  observe  the  operation  and  will  be  able  to  shut  the  cell  down  in  case  of 
malfunction.  This  method  will  reduce  aircraft  depainting  costs  60%.  The  expected 
operational  date  for  the  equipment  is  January  1994. 


Heat  shield  inspection/weldinq  system 

Inspection  of  engine  heat  shields  is  labor  intensive,  requiring  1,600  hours  of 
preparation  per  engine  for  the  P-3  aircraft.  Defects  in  the  heat  shield  lead  to  serious 
degradation  of  adjacent  metal  parts.  To  repair  cracks  the  engine  must  be  removed.  If 
there  are  no  defects  in  the  heat  shield,  engine  removal  is  a  waste  of  time.  The 
equipment  under  development  will  inspect  and  repair  the  heat  shield  of  P-3  aircraft 
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without  engine  removal.  The  equipment  is  of  a  robot  mounted  on  an  aircraft  stand, 
connected  to  a  monitor  and  a  microprocessor  and  supplied  with  a  flexible  mult i-  jointed 
arm  (fitted  with  five  i n t e r changea b  le  end- ef f ec tors .  The  tail  pipe  is  removed  (1).  The 

robot  is  mounted  on  the  tail  pipe  mounting  ring  with  the  help  of  a  keyway  and  key.  With 

the  (-Leaning  end-effector  the  heat  shield  is  cleaned  with  brushes  and  a  solvent  (2). 

Then  the  inspection  end  effector  is  mounted  (3).  Side  looking  charged  couple  devices  and 
the  light  delivered  from  a  strobe  light  by  fiber  optics  provide  for  vision.  The 
information  is  provided  to  the  microprocessor  and  is  stored  in  memory.  The  operator 
notes  the  defects,  if  any  (4).  The  defective  areas  are  cleaned  to  bare  metal  by  the 

th'rd  end  effector  (8).  After  cleaning,  a  stainless  steel  mash  is  placed  over  the 

detective  areas  and  spot  welded  in  place  by  a  l.SkW  NdiYAG  laser  through  fiber  optics,  to 
prevent  interference  with  the  mictoptocessor  (6).  finally,  water  soluble,  high  heat 
activated  material  is  introduced  into  the  mash  (7).  After  the  engines  are  fired  the 
water  evaporates  from  the  sealant  and  the  stainless  steel  mash  fuses  in  place.  The 
equipment  is  expected  to  be  in  operation  by  December  1990. 

Cu  t  t  i  ncp  we  l.d  j_ny  wo  r  k  c e  1 J 

A  work  cell  has  been  developed  primarily  for  the  repair  of  jet  engine  combustion 
chambers.  It  will  be  able  to  handle  work  pieces  up  to  S00  lbs,  if  within  a  4  FT  cube. 

The  principle  is  the  combination  of  a  3  D  robotic  vision  system  with  robotic  cutting  and 
welding.  Ail  these  are  controlled  by  sophisticated  computer  systems.  The  work  piece  is 
placed  on  a  two  shuttle  system,  so  that  while  one  work  piece  is  worked,  the  other  one  can 
be  loaded.  The  damaged  areas  are  inspected  and  marked.  The  laser  head  is  guided  to  the 
possible  detective  areas.  The  five  watt  argon  ion  laser  beam  delivered  by  fiber  optics 
provides  the  light  for  the  3-D  vision  system.  The  vision  system  computer  locates  the 
detective  areas  with  the  help  of  the  lateral  effect  silicon  photodiod.  It  tracks  the 
detect  and  determines  whether  it  is  a  repairable  or  replaceable  defect.  Repairable 
cracks  ate  welded,  while  damaged  parts  ace  removed  by  the  l.SkW  CO^  laser  cutter. 
Pressurized  nitrogen  purges  the  beam  delivery  system,  keeping  particles  away  from  the 
optics,  while  the  weld  is  flushed  by  argon  gas.  The  information  on  the  cut  is  fed  into 
the  computer,  which  guides  an  other  cutter  to  shape  a  replacement  part.  This  part  is 
i  it  ted  by  the  operator  and  welded  in  place.  The  entire  system  has  unprecedented 
capab  i  I  i  t.  i  es ,  not  measurable  at  this  time.  It  is  estimated  that  productivity  will  be 
increased  100%  with  half  the  current  staff.  The  system  is  expected  to  be  in  full 
operation  by  February  1989. 

3  :_D_  Weld.  Seam  Tracking  System 

The  Naval  Sea  Systems  Command  is  developing  a  welder  combined  with  laser  visual 
control  foe  repairing  small,  irregular  parts.  The  system  provides  a  one  pass  laser 
tracking  system  in  the  presence  of  the  arc.  The  computer  with  the  10  milliwatt  infrared 
laser  photodiod  tracks  the  weld  seam  and  identifies  the  weld  type,  measures  the  groove's 
angle,  depth,  and  width  approxima te ly  three  inches  ahead  of  the  torch.  It  takes  pictures 
at  1/30  second  intervals,  feeding  this  information  into  the  computet,  which  then  controls 
the  six  axis  robot  holding  the  torch.  The  operator  can  select  the  weld  type  and  move  the 
welding  system  rapidly  between  areas  using  a  six-axis  joystick.  The  equipment  is  expected 
to  be  in  operation  by  1992. 

Reverse  engineering 

The  program  has,  two  robotic  vision  and  scanning  systems,  both  to  be  combined  with 
computer  aided  design  (CAD)  now  under  development. 

The  Nava l  f>ea  Systems  Command's  system  will  be  used  to  plot  ship  layouts  with  the  use 
of  Three  strategically  placed  scanners  using  class  I  infrared  photodiod  lasers  of  10 
milliwatt  power,  develoDinq  a  three  dimensional  image  of  the  area.  The  image  is  then 
printed  out,  as  is,  or  is  transformed  to  working  drawings  by  the  CAD  system. fcThe 
tolerances  are  expected  to  be  at  the  0. I"  level  at  12  foot  distance.  This  will  help  in 
the  preparation  for  ship  overhaul. 

The  Naval  bupply  Systems  Command  developed  a  similar  system  for  the  Rapid  Acquisition 
'•!  Manufactured  Farts  project.  In  this  case  four  s t r a r eg i ca 1 1 y  placed  scanners  of  one 
milliwatt  (rapacity  infrared  laser  photodiods  develop  the  image  of  an  object  with  0.002'' 
accuracy  at  tour  foot  distance.  This  system  combined  with  a  CAD  will  be  used  in  reverse 
engineering  of  parts  not  available  on  the  market.  Expected  operational  date  of  the 
in’ (-grated  systems  is  January  1990. 
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ACOl'STIC  SIGNALS  FROM  LASER  BACK  REFLECTIONS 


Woo r as  i  ruhe,  J .  N.  Kamalu,  K.M.  Steen  and  R.D.  Hibberd 
["periai  College  of  Science,  Technology  and  Medicine 
Centre  for  Robotics  and  Automated  Systems 
Exhibition  Road,  London,  SW7  2BX,  England 


Abstract 


At  acoustic  technique  is  described  to  detect  laser  weld  detects.  The  acoustic  signal 
■a  c cm La red  with,  signals  from  a  number  of  other  sensors.  The  feasibility  of  using  the 
acoustic  signal  to.  a  real  time  knowledge  based  system  for  the  control  and  monitoring  of 


I nt  roduct ion 


i:t:  iem-'-n.t  at  ior.  of  real  time  knowledge  based  systems  in  manufacturing  is 
in:: ’ey  :  'teeming  feasible  with  the  advent  of  fourth  generation,  fast  computers.  A 
ns cry  signal  to  indicate  the  condition  of  the  process  is  an  important  aspect  of  any 
system.  Acoustic  signals  emanating  from,  beam  handling  mirrors  have  been  shown  to 
information  relevant  to  both  the  condition  of  the  laser  and  the  process  (1,2). 
s  nt  paper  describes  the  use  of  these  acoustic  signals  in  real  time  monitoring  of 
■'•iain.:  and  also  a  comparison  is  made  with  other  available  signals. 


Exper imental 


Experiments  were  performed  with  a  fast  axial  flow  type  2  KW  C0?  laser,  manufactured  by 
Avatiol  Laser.  The  target  material  was  mild  steel.  /Argon  was  used  as  a  shielding  gas. 

;  i  :  u  r  ■ 1  1  illustrates  the  various  sensory  signals  which  were  investigated.  Refering  to 
figure  1,  C I  is  a  pyroelectric  detector  which  Looks  at  the  CO-  beam  as  emitted  from  the 
laser .  it  detects  a  small  fraction  reflected  from  the  KCL  flat.  S2  is  also  a  pyroelectric 
dm-  :tor  which  looks  at  the  CO^  laser  radiation  reflected  back  from  the  workpiece.  Again, 
a  small  fraction  is  reflected  off  the  KCL  flat.  S3  is  a  ceramic  piezo-electric  acoustic 
•  mansfiacer  ( Dur.ec  an  PAC  V.T3 )  which  responds  to  high  frequency  ( >100KHz )  acoustic  stress 
w.r-es  in  ah'  vat-'-r  cooled  copper  mirror.  S4  is  also  a  similar  acoustic  transducer,  which 
d;  •  acoustic  shock  waves  which  are  generated  by  laser  induced  plasmas  and  transmitted 

through  air  ; 3 ! .  S3  is  a  fast  response  silicon  photo  diode  which  looks  at  the  visible 
plasma  intensity  during  welding  (4). 

rho  pyr  ‘  -  leer  r ic  detector  system  response  was  broad  band  (from  100  KHz  up  to  5MHz ) .  A 
mot  per  was  not  necessary  as  the  objective  was  to  look  at  inherent  temporal  changes.  The 
js-i:  transducers  were  non-resonant  with  a  broad  band  response  between  100  KHz  and  1.2 
Anwar.*:-,  d  lower  frequency  noise  signals  were  not  picked  up,  for  example  the  noise  from 
me;  flowing  water  in  the  mirror.  All  signals  were  time  averaged  using  a  fast  r.m.s.  device 
:.r:i  r.dw  l  d  t  h  z  MHz  1  . 

v.A;  t  p  r  -  c  o  o  1  e  f! 


topper  mirror 


Figure  1:  Experimental  set-up  for  laser 
w'-id  monitoring  (gas  shield  nozzle  not 
shown  !  . 
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Signal  Characteristics 


acoustic  transducer  S3,  (Fig  1)  responds  to  thermally  induced  stress  waves  in  the 
cop; or  mirror  which  are  caused  by  high  frequency  intensity  fluctuations  in  the  beam. 

These  intensity  fluctuations  are  inherent  in  all  lasers  and  are  caused  by,  (5), 
a  ■  or  pcs  it  ion  of  axial  and  transverse  modes  (20  to  200  MHz),  relaxation  oscillations  and, 
mode  : nstai-i  1  it ics  due  to  non-linear  gain  saturation  (50  KHz  to  5  MHz),  variations  in 
; urn:  ing  pow-.  r  for  example,  current  ripples,  mechanical  and  thermal  instabilities  of  the 
laser  structure,  He  to  KHz'.  Of  particular  relevance  to  laser  welding  are  relaxation 
csei ’ lat ions  which  can  :e  induced  by  optical  feedback  (6,  7).  Back  reflections  from  the 
week:  loco  enter  “he  laser  wiry  and  return  an  am;  lified  damped  cc^l  licit  ions .  The 
■’re.r:  rc.  or  the  oscillations  are  q  iven  by  (7,  8): 


!  1  ) 


d-„  cay  time  or  the  damping  coefficient  is  given  by: 


!  2  ) 


wh-.-r-.  ;  is  the  unsaturated  gain,  q^  is  the  gain  at  thresho’d,  t  is  the  Lifetime  of  the 
up;  r  excited  laser  level  and  t  is  the  photon  cavity  lifetime.  Equations  (1!  and  (2;  in 
••f  f-'-ct  d-escr  i  the-  laser  responr«  to  a  step  disturbance  and  such  disturbances  are  caused 
:  ,.  mark  ref  1  ect  ionr.  from  the  workpiece. 

I  r  can  shown  that  the  frequency  of  the  damped  oscillations  calculated  by  equation 
1  ,  Lies  within  the  bandwidth  of  the  acoustic  transducers,  for  values  of  g  g,  =  1.8  ( V  )  , 
t  =  0 . 4.Tsec.  and  t  =  0. 4nsec.  ,  relevant  to  the  laser  used.  Further,  if  the  time 
interval  between  hac.<  reflection  disturbances  are  small  compared  to  T ,  in  equation  (2),  the' 
oscillations  will  be  sustained  and  the  beam  intensity  will  be  amplitude  modulated  according 
to  weld  plasma  dynamics  with  a  carrier  frequency  given  by  equation  (1).  This  is 
illustrated  m  figure  ( 2 ) .  Further,  according  to  equation  (1),  the  carrier  frequency  is 
independent  of  welding  parameters.  It  only  depends  on  laser  parameters . 


2:  Total  intensity  modulation  (bottom),  due  to  relaxation  oscillations  which  nr- 

st  lined  ivy  f r-.-quent  disturbances.  The  top  two  traces  show  partial  modulation  due  to 
ss  f rv v:  n -  disturbances.  Signals  are  not  time  averaged.  1  msec/div,  500  mv  div. 


7h-  -  r-  nr--  also  lnh-'-r-nt  disturbances  in  the  laser  which  give  rise  to  relaxation 

v:i  i  T  itns  and,  other  instabilities  may  also  lie  within  the  response  bandwidth  of  the 

r.  Ace  ic  -.1  i.nnls  generated  by  inherent  fluctuations  are  generally  weaker  than 
i  nd  ic  i  :y  w-.  Id  track  r<  fl-crions  and  will  bo  of  different  frequency  if  caused  by 
:  m-  r  i  -  *  r  •  m  r-  Fixation  oscillations. 

Fr  i  ;r.  1 1  s  r  r  m  “ho  s-nsors  SI,  S2  and  S3  are  related  to  weld  plasma  stability.  Tnis 

,  i  .  i  -i  r  1  y  s-  :■  :i.s>-  “ri-.  nature-  of  the  sensor  elements  is  such  that  the  sensors  can 

•  ’ . r-  •  ■  nr,  :•  -  it  “  h-  m-n.vjr-d  physical  quantities.  The  back  ref  lector  is  in  tact 

i."  i,  •  r-  •  i  •  i  *  y  of  which  depends  on  its  density.  Plasma  '  staoi  1  ity ' 

•  '  “ :  i  r  i.  . , ;  gos  in  plasma  density,  the  rat-  of  char.-t--  and  th-  t  i  m* 

’  i  char.  Th- -:-;e  three-  aspects  of  the  plasma  ar-  closely  r-  lat--d  to 

•  )•:  :  ■  i:::.  is:--c“  l  r,“  rod -joes  a  ;  articular  cha  rac  t  ■  ■  r  l  s  “  l  c  to  the  t  j  m-  • 

i  •  I  •  i  :•  i  i  c  •  r-  r  ‘  h-  .rs  SI,  S2  and  S  1  . 

-  -  ■  .  :  it.d  r-  ::  -  r.-l  ;  i  *.-n  t  ‘  ii-1  1  l  *  y  i  r-  add  i  >  ioti  to  plasma  '  ad  urn-  '  which  do*  'S 

•  ’  ■  ’  -  i !  *  •  '  i  •  •  •-  :  i  w-  id  p:ali--;.  1  ur,h--r,  si  mi!'-;  P  r  S-J  and  S'-  it-  di.-ctior: 

;  -  :  : . '  c  1  i  •'  i  '  ■  i-  * o  rt  d-  ;  :  wh-  g- .  ,-j  s  H  :  ,  i  • .  :  .  •  •!•*•••*  a e-  a  x  i  a  1  w  i  *  h 
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Sensor  S3  is  truly  'non-contact'.  A  disadvantage  is  that  weak  characteristics  of  the 
laser  are  superimposed  on  the  weld  signal.  Furthermore,  damping  characteristics  of  the 
mirror  also  affect  the  u>eld  signal.  These  effects  can  be  minimised  by  selecting  a  mirror 
with  sufficient  mass  and,  filtering  the  laser  signals  which  are  usually  of  a  different 

f  requoncy . 

Detectors  SI  and  S2  require  a  beam  sample  but  can  be  part  of  a  feed-back  lock  system 
(10).  They  are  susceptible  to  damage  by  unexpected  power  spikes.  Further,  because  the 
pyro-e lectr ic  sensor  element  area  is  small,  only  a  small  area  of  the  weld  pool  will  be 
viewed,  whereas  the  copper  mirror  collects  and  integrates  signals  from  the  weld  pool  as  a 
whole.  Therefore,  an  array  of  pyro-electr ic  sensors  or  focussing  optics  would  be  required 
to  collect  and  analyse  all  the  signals  from  the  weld  pool  in  the  same  manner  as  S3.  Ar. 
array  of  sensors  would  offset  any  error  introduced  by  the  variation  in  the  transducing 
'  o  f  :  1  c  ieiioy  '  across  a  single  sensor  element. 

In  summary,  all  detectors  except  S5  are  a.c.  driven,  i.e.  they  respond  to  changes  in 
the  measured  p>hysical  quantities  and  not  to  absolute  constant  values.  For  example,  the 
pyro-electr ic  detector  generates  a  voltage  proportional  to  the  change  in  temperature  of 
its  sensing  element  caused  by  a  change  in  intensity'  of  radiation  incident  upon  it.  The 
sensitivity  of  the  acoustic  transducers  drops  sharply  below  100  KHz  and  above  1.2  MHz. 

nless  otherwise  stated,  all  signals  presented  are  the  time  averaged  r.m.s.  envelope  of  a 
hi ah  frequency  base  signal. 


Results  and  Discussion 


Figure  3  shows  the  effect  of  back  reflections  on  the  laser  output  stability.  The 
signals  shown  are  from  the  optical  signals  SI  and  S2.  Initially,  the  beam  was  transmitted 
through  the  lens  assembly  and  'dumped'.  The  workpiece  was  then  traversed  under  the  beam 
for  bead  on  plate  welding. 


Figure  3:  The  effect  of  back  reflections  on  the  laser  output  stability.  0. lsec./div. , 

O.lv  die.  SI  (bottom),  S2  (top). 

The  signals  shown  in  Figure  3,  are  the  time  averaged  envelope  of  a  high  frequency 
('>100  KHz)  base  signal  generated  by  the  pyro-electr ic  detectors.  The  signal  SI  (bottom) 
increases  during  welding  and  remains  low  when  the  beam  is  'dumped'.  S2  (top),  which 
looks  at  back  reflections,  responds  only  during  welding.  The  increase  in  the  signal  SI 
during  welding  represents  an  increase  in  beam  intensity  fluctuations  and  not  an  increase 
ir.  laser  power. 

The  observed  frequency  from  sensors  SI  to  S4  was  200  -  290  KHz.  The  calculated 
frequency  from  equation  1  is  350  KHz.  The  observed  frequency  was  independent  of  weld 
parameters.  Frequencies  up  to  10  KHz  were  ooserved  from  the  photo  diode,  S5. 

Figures  4  (a,b),  5  (a,b)  and  6  (a,b)  are  typical  representative  data  acquired  from  a 
number  of  observat ions  which  show  the  signal  S3  compared  with  SI,  S4  and  S5.  The  signals 
relate  to  bead  on  plate  welding  on  a  workpiece  which  was  machined  to  reduce  in  thickness 
in  steps  of  0.25  mm  along  the  welding  direction.  The  objective  was  to  look  at  the  signals 
when  the  workfjiece  was  brought  in  and  out  of  focus  during  wading.  With  reference  to 
figures  4,  5  and  6,  the  following  observations  were  made 

a)  The  sharp  puls°s  at  regular  intervals  correspond  +-  ,teps  in  the  workpiece. 

Therefore,  a  vertical  distance  of  0.25  mm  is  represented  ay  the  pulse  interval..  The  lens 
focal  length  was  100  mm  and  the  laser  power  density'  used  was  of  the  order  3  x  10°  W/crri  . 

b)  There  is  no  correlation  between  S3  and  S5  as  shown  in  figure  4.  The  position  where 
S3  is  a  minimum  does  not  corresp>ond  to  the  position  where  S5  is  a  minimum.  However, 

meta 1 1 og raph ic  examination  of  the  welds  showed  that  the  position  of  minimum  S3  corresponds 
accurately  to  the  position  of  deepest  weld  penet ra t i on . 

c)  There  is  no  correlation  between  S3  and  S4  as  shown  in  figure  5.  As  was  mentioned 
earlier,  S4  and  S5  respond  to  plasma  ’volume'  and  'intensity'  in  addition  to  'stability', 
dl  Good  correlation  was  observed  between  S3  and  SI  as  shown  in  figure  6.  Good  correlation 
was  also  observed  between  SI  and  S2  (see  figure  7). 

e )  As  was  mentioned  earlier,  the  signals  from  the  sensors  SI,  S2  and  S3  are  only  related  to 
“he  weld  plasma  stability.  The  • lasma  density  at  a  particular  local  area  increases  to  a 
critical  value  and  then  reduces  in  a  chaotic  manner  by  rarefaction  due  to  the 
corresponding  changes  in  reflectivity  and  absorbed  laser  energy  and,  also  due  to  melt  pool 
dy:.a:r  ics .  '  >r.  either  side  of  the  focus,  the  plasma  is  highly  unstable.  For  a  condition  oi 
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cnangos  in  plasma  density  will  be  smaller  an 
be  higher,  resulting  in  a  more  stable  plasma 
ack  reflections  are  that  the  intensity  fluctu 
turbances  entering  the  laser  cavity  will  be  h 
asma  stability,  the  r.m.s.  value  of  the  signa 
smal'er  fluctuations  and  the  signal  envelope 
of  the  beam  caused  in  a  stochastic  manner  bv 
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Fiuuro  7:  Weld  pulse  or  a  stationary  target.  SI  (top),  S2  (bottom).  Shows  good 
correlation.  0.1  sec.  div.,  1.0  v/div. 


Figure  8:  Detection  of  a  machined  'V'  groove.  S3  (top),  0.2  v/div. ;  S!  (bottom),  0.5 
v  div.,  O.i  sec.  div.,  groove  width  =  1  mm,  welding  speed  =  100  mm/sec. 

Figure  9  shows  the  effect  of  mistracking  during  a  butt  weld.  The  weld  plasma  will  be 
less  stable  when  the  beam  is  on  the  butt  and  will  become  more  stable  as  the  beam  'wanders' 
off  the  butt,  resulting  in  a  corresponding  gradual  reduction  of  the  signal  as  shown. 
However,  the  'noise'  in  the  r.m.s.  envelope  remains  unaffected  because  it  is  related  to 
the  power  density  or  a  change  in  the  focus  position. 

Figures  10  (a),  10  (b)  and  10  (c),  show  weld  pulses  on  a  stationary  target  positioned  on 
either  side  of  the  focus  and  at  the  focus.  The  initial  'peak',  which  represents  keyhole 
initiating  time,  becomes  a  minimum  at  a  condition  of  maximum  power  density.  Usually,  the 
focus  is  found  in  an  arbitrary  manner  by  finding  the  position  where  a  'blue  plasma'  is 
obtained.  The  weld  pulses  shown  in  figure  10  are  within  the  'blue  plasma'  region  and  the 
position  of  maximum  power  density  was  determined  with  a  resolution  of  0.5  mm.  Mild  steel 
targets  with  polished  surfaces  were  used. 


Figure  9:  Effect  of  mistracking.  S3  (top)  and  S4  (bottom). 


a  b  c 


Figure  10:  Weld  pulses  on  a  stationary  target  positioned  on  either  side  of  the  focus  (a 
and  c)  and  at  the  focus  !b).  Signal:  53,  50msec/div.  The  pulse  starts  from  the  left. 
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•  v.  •  ■!  rj-o;i  1  a.-:,  -r  .•  r  1  ’  y  inrrors.  Oootl  cor  r>  ■  J  at  ions  wor- 

assisted  or  or  • :  w  i  s- ■- ;  ,  th-'  signals  SI,  S2  and  S3 
dr  i  t  I  i  no  a  r  hi  ough  hoi  and  when  a  through  cut  is  made . 

>.  sited  hod  or  in  a  partially  drilled  through  hols',  or  a 


roa:  a  workpiece  hold  at  an  angle  ( >41  degrees ) , 
laser  in  a  way  which  is  insensitive  to  the 
s  is.  an  advantage  for  sensors  which  detect  co¬ 


lons' 


o  n  s 
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Abstract 


*  -  'Tnv  extremely  shallow  (<  800  A)  melt  depths  can  be  easily  obtained  by  irradiating  a  thin  heavily 

dope.!  silicon  layer  r  I:  a  CO,  laser  pulse.  Since  the  absorption  of  the  CO^  laser  pulse  is  dominated  by 
r- --  •  •••  L  1  'ns  L r ;  the"  beam  heating  occurs  primarily  in  the  thin  degenerately  doped  film.  For  CO., 

Phis--’  ’  v..  i  Mil  •  reeding  a  threshold  value,  surface  melting  occurs  and  the  reflectivity  of  the  inci 

Jenr  i • : r  ;'"'-sc  ;;;  rinses  abruptly  to  about  90  %.  This  large  increase  in  the  reflectivity  acts  like  a 
:  .-■..•■  r  iL-  all  of  the  energy  in  the  remainder  of  the  pulse,  thereby  greatly  reducing  the 

.iT.oi", .•  ■  energy  .variable  to  drive  the  melt  front  to  deeper  depths  in  the  material.  Transmission  electron 

~l  '■*”  '  '■  )"s  no  attended  defects  in  the  near-surface  region  after  laser  irradiation,  and  van  der  Pauv 

sl<5-'  ’  •  r east! rotten’  •  erify  that  100%  of  the  implanted  arsenic  dopant  is  electrically  active. 


Introduction 

P  Ised  User  ytoesving  of  ion-implanted  silicon  has  been  applied  extensively  to  the  fabrication  of  high- 
efficiency  solar  cells.  It  has  been  demonstrated  that  pulsed  laser  annealing  is  superior  to  thermal 
annealing  for  che  removal  of  lattice  damage  caused  by  ion  implantation,  electrical  activation  of  implanted 
dopants,  and  preservation  of  the  minority  carrier  diffusion  length  in  the  base  region  of  the  solar  cell." 
Most  of  thj  advantages  of  laser  annealing  over  conventional  thermal  processing  result  from  the  localiza¬ 
tion  of  thermal  effects  associated  with  the  laser  pulse  and  the  increased  control  of  several  critical  solar 
call  parameters  (e.g.,  junction  depth  and  free-carrier  concentration). 

There  exists  many  reports  on  the  use  of  pulsed  lasers  to  melt  ion-implanted  silicon  layers.  Almost  all 
of  these  investigations  have  been  conducted  with  a  laser  that  has  a  photon  energy  greater  than  the  bandgap, 
such  as  a  ruby  or  excimer  laser.  Unfortunately,  the  energy  deposited  from  a  ruby  or  excimer  laser  always 
occurs  within  the  absorbing  layer  at  the  surface,  and  one  has  little  control  over  the  penetration  depth  for 
a  fixed  photon  energy.  In  order  to  melt  extremely  thin  (<  800  A)  layers  with  a  ruby  or  excimer  laser,  one 
has  to  precisely  control  the  pulse-energy  density  at  a  value  close  to  the  melt  threshold,  which  is  generally 
difficult  due  to  beam  reproducibility  and  spatial  inhomogeneities.  For  low  energy  (<  10  keV)  arsenic- 
implanted  Si  samples,  we  show  in  this  paper  that  a  pulsed  C02  laser  is  particularly  suitable  for  forming 
very  shallow  (<  800  A)  melt  depths  by  controlled  heating  of  only  the  thin  degenerately  doped  surface 
layer.  After  laser  irradiation  the  resultant  profile  of  electrically  active  arsenic  shows  a  region  near  the 
surface  having  a  concentration  exceeding  the  equilibrium  solid  solubility  limit  and  an  intermediate  region 
in  which  the  density  falls  rapidly  toward  the  n-p  electrical  junction,  both  of  which  are  important  to  the 
manufac turing  of  n  pp  solar  cells  with  high  conversion  efficiencies. 

For  CO,  laser  radiation  (A  ~  10  urn),  the  absorption  of  the  pulse  energy  in  a  shallow  arsenic  implanted 
Si  layer  is  dominated  by  f ree-electron  transitions  within  the  conduction  band.  Since  the  f ree-electron 
concentration  in  the  thin  surface  film  can  be  several  orders  of  magnitude  greater  than  the  underlying  sub¬ 
strate,  one  can  preferentially  deposit  the  energy  of  the  laser  pulse  in  the  thin  film  at  the  surface.  If 
the  duration  of  the  pulse  is  short  cornpar  .J  to  the  time  required  to  conduct  the  heat  out  of  the  shallow 
surface  layer,  then  the  CO, -laser-induced  heating  occurs  only  in  the  thin  arsenic-implanted  layer  where  the 
free-earlier  density  is  large.  Because  molten  silicon  is  metallic,  the  onset  of  surface  melting  causes  the 
reflectivity  of  the  sample  to  increase  abruptly  to  about  90  X,  which  is  much  larger  than  the  reflectivity 
increase  >t  i  ruby  or  -Knitter  laser  pulse.  This  large  increase  of  the  reflectivity  upon  melting  acts  like 
*  svftcrt  •:  >  reject  r.n:-r  of  the  energy  in  the  remainder  of  the  CO-  laser  pulse,  thereby  reducing  the  amount 
ot  energy  t'ailable  to  further  heat  the  surface  and  drive  the  melt  front  to  considerably  deeper  depths  in 
the  material.  Fur  t Ir; •  more,  for  applications  where  one  has  both  heavily  doped  and  undoped  areas  in  the  near 
surface  region,  one  can  spatially  select  the  heavily  doped  regions  for  beam  heating,  without  causing  signi- 
fi-an’  hearing  of  the  adjacent  undoped  material.  Thus,  one  can  use  a  relatively  large  CO,  laser  pulse 

to  simultaneously  process  many  ion-implanted  regions  on  the  same  or  on  different  silicon  wafers. 


Experimental 


A  gain-switched,  IE-.  CO,,  laser  was  used  to  generate  the  pulses  at  a  wavelength  of  10.6  pm.  The  laser 


.  ,i  >p  :  r  ,j  1  irh  !■>  .  i  t  trogen  content  in  the  gas  mix,  so  that  the  amplitude  of  the  long  tail  on  the  pulses 
n.l.:  •  sup;:;  ssed.  About  80?;  of  the  energy  in  each  pulse  was  contained  in  the  form  of  a  nearly 

’a:;-  s  i  -\:i  peal  ot  o’-uc  duration  (FVHM).  The  remaining  20?;  of  the  pulse  energy  was  in  a  second  pulse  that 
-as  daia  ed  by  abou>  l'"?1  ns  from  the  first  pulse  and  had  a  duration  of  250  ns  (FtfHM).  For  the  energy  den¬ 
sities  :  >uxid-ued  in  this  report,  the  second  pulse  makes  a  negligible  contribution  to  the  melt  depths  and 
durations  ot  sart.Kc  suiting.  As  a  ,osult,  the  pulse-energy  densities  quoted  in  this  paper  are  for  the 
energy  in  the  t.-o  ns  pi  imary  pulse  only. 

The  output  pulse  .as  diverged  by  a  spherical  convex  mirror  with  a  1-m  radius  of  curvature.  The  diverging 
bee."'  .is  later  collimated  by  a  spherical  concave  mirror  with  2-m  radius  of  curvature.  The  collimated  beam 
then  i 1  ng»d  on  a  CO,  laser  beam  integrator  which  spatially  homogenized  the  beam  to  within  +103!.  The 
d:  ‘.o',  s :  is-  i:  rne  laser  pulses  were  12x12  mm  tn  the  target  plane  of  the  integrator.  The  energy  density  at 
the  sample  surface  was  adjusted  by  using  additional  lenses  to  change  the  spot  size  and  linear  attenuators 
to  ih.usgu  the  total  energy  in  each  pulse.  A  photon-drag  detector  and  volume  absorbing  calorimeter  were 
used  t  -.ensure  the  intensity  and  energy  of  the  laser  pulses,  respectively. 

The  samples  used  in  the  experiment  were  340-um  thick,  boron-doped  silicon  (100)  wafers  which,  prior  to 
implant  a  •  ion.  had  an  electrical  resistivity  of  2-3^-cm  qt  room  temperature.  This  resistivity  corresponds 
to  a  free -hole  concentration  of  approximately  6x10  cm  J  and  hole  mobility  of  about  35(J,-cm  / V-s .  The  sam¬ 
ples  '.ere  implanted  on  one  side  with  '  As  ions  at  an  energy  of  5  keV  to  a  dose  of  2xlCr  cm”  ,  resulting 
in  m  tr settle  profile  that  is  peaked  at  about  70  A  from  the  surface  with  a  standard  deviation  of  about  25 
The  -a.r.ples  were  next  thermally  annealed  at  873  K  for  twelve  minutes  to  increase  the  fraction  of 
o  l*r  ■  *  t  i  tally  a:'i"e  arsenic  and  thereby  increase  the  coupling  of  the  CO-  laser  radiation  to  the  near-surface 
eg  i->n.  The  -onc-.-n  t  r  a :  ion  of  arsenic  near  the  peak  of  the  implanted  profile  exceeds  the  solid  solubility 
:  .-stilt  ing  in  the  ♦o-mation  of  arsenic  rich  precipitates  in  part  of  the  implant^  laygr.  Van  der 

i\u;i.  measurements  on  tiie  thermally  annealed  samples  showed  a  carrier  density  of  6.2xUj  cm’*',  carrier  mo¬ 
bility  >:  i-'t  ::qf  and  sheet  resistivity  of  335  2/sq. 

lii-  : :  ■■■■.•  1  a  : r  i  >n  .  -n-  on  t  ra  r  ion  in  the  first  20'  A  is  gr^ater^  than  10“  cm”  so  ^hgt  the  absorption 

-t:i  :m:  r  (  x)  ot  r  lie  o,  laser  radiation  is  large  (>  2x10  cm  )  near  the  surface.  ”  The,  lightly  doped 

' '  '  t  :  :lit:  '  1  ‘fans pa rent  to  10.6-um  tadiation  and  has  a  value  of  less  than  10  cm"  at  room  rem- 

;  ■  :  -.  T.iu  ••  '  .  .•  -energy  deposition  is  primarily  in  the  chin  film  at  the  surface. 

■:1  i  .1  iiiated  in  ail  by  CO,  laser  pulses  at  different  energy  densities.  Van  der  Patio 
.  ■  i  determine  the  changes  in  the  carrier  concentration,  carrier  mobility,  and  sheet 

r'-viLu  transform  infrared  spectrometer  was  utilized  to  study  the  laser- induced  modifica- 
•  I.  ■  .  il  properties  of  the  near-surface  region.  The  microstructure  of  the  near-surface  region 

"i  :u  'i gated  i.y  .:••>>$  -section  transmission  electron  microscopy.  Secondary  ion  mass  spectrometry  was 

u::. 1:  ;  t-v  .ceasm  o  '  :ie  redistribution  of  the  implanted  arsenic  and  to  investigate  the  possibility  of  con- 
rf  ••ll-.i  j  •!•  I  mx  m;  pt  tiles  by  varying  the  energy  density  of  the  laser  pulses. 


Results  and  Discussion 


•  in  :  . i  P.iuv  -ea. ; ui  scents  were  performed  on  the  laser-irradiated  samples,  and  the  results  showed  that 
for  pul  iv-euergv  dens:  ties  (F^)  greater  than  about  5  J/'cm  ,  significant  changes  in  the  electrical  proper¬ 
ties  -it  'he  ion- implanted  layer  occurred  (see  Table  I).  For  values  of  E^  between  5.0  and  7.5  J/cm“,  there 
-as  ar.  increase  in  the  electron  concentration  (N  )  and  a  decrease  in  the  sheet  resistivity  (p)  with  increas¬ 
ing  E.  .  The  increase  in  N  results  from  the  partial  melting  of  the  arsenic-implanted  layer  and  subsequent 
electric  il  anti  nit  ion  of  tng  arsenic  upon  solidification  of  the  molten  layer.  At  pulse-energy  densities 
greater  •  han  about  7.;  J.'cm“,  the  melt  front  penetrated  to  a  depth  exceeding  the  implantation-damaged 
••nr face  layer  .  and  lot.*-.?  activation  of  the  implanted  arsenic  was  observed.  At  these  higher  values  of  E^» 
the  implanted  arsenic  redistributes  to  deeper  depths,  and  the  electron  mobility  begins  to  increase  mono- 
t oni c a  1  iy  .'irh  E^  due  to  tiie  reduced  rate  of  carrier  scattering  by  the  ionized  arsenic  dopants. 

The  CO laser  -  induced  melting  of  the  near-surface  region  also  causes  significant  changes  in  the  infrared 
optical  properties  of  the  silicon  samples.  A  Fouiier  transform  infrared  spectrometer  was  used  to  obtai 


Table  I-  Electrical  properties  of  the  arsenic-implanted  silicon  samples  as  a  function  of  the  incident  pulse- 
enei gy  density.  Here.  E^  is  the  energy  density,  N  is  the  electron  concentration,  p  is  the  sheet  resistivity, 

and  u  is  the  carrier  mobility. 


9 

( J  / cm  ) 

15  -2 

N  (10  cm  ) 

s 

P  (0/sq) 

U  (cm' 

0 . 0 

0.62 

335 

30 

4.4 

0.65 

318 

30 

> 

0.96 

233 

28 

6.1 

1.62 

135 

29 

6.8 

1.81 

104 

33 

7 .  5 

2.00 

92 

34 

8.4 

2.01 

76 

41 

*) .  2 

2 . 00 

51 

59 

'  ♦ .  0 

1.99 

48 

65 
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WAVELENGTH  |Mm) 

5  6  8  10  15  25 


WAVENUMBER  (cm1) 

i;  t  .  1  1  :i  f  ii,  i  (  :  an.smi  t  t  aiu  e  spectra  lot  an  unit  radiated  sample  and  a  sample  after  i  t  i  .id  i  a  t  i  on  a1 


t  t  ausm  i  r  r.uire  and  t  ot  lee  t.ince  spectra  before  and  after^Laser  irradiation.  Figure  1  shows  the  total  reflec¬ 
tance  and  r  ransm i  r  tam  e  spectra  in  the  400  to  2400  cm  range  t’^r  an  uniriadiated  sample  and  a  sample  ir¬ 
radiated  ar  K  t  8 .  !  J/cm''.  After  irradiation  at  =8.1  J/cm  ♦  the  totaL  reflectance  was  found  to  change 
flora  4‘j  Z  to  *?8  Z ,  and  the  total  transmittance  changed  from  22  Z  to  14  Z  for  Light  having  a  wavelength  of 
l().h  pm.  Hie  increase  in  the?  tree -carrier  absorption  is  consistent  with  the  measured  increase  (~  22  1  7n)  in 
r he  electron  r one  .on 1 1 a t i on  of  the  ai sen i c  -  imp  lan ted  layer  (see  Table  I). 

We  used  «  i  oss -sec r ion  transmission  electron  microscopy  (TEM)  to  investigate  the  presence  of  extended 
defects  in  the  ion  implant.it  ion  -damaged  layer.  Figure  2(a^(  is  a  micrograph  of  a  specimen  that  has  been 

irradiated  by  a  pulse  having  an  energy  density  of  8.1  J/cm'.  At  this  pulse-energy  density,  the  surface 

layer  ront. lined  no  extended  detects  with  a  size  larger  than  2()  A,  which  is  the  smallest  size  that  can  be 
cl<Mtly  resolved  in  the  micrograph.  In  addition,  the  van  det  Pauw  measurements  on  the  sample  showed  that 
all  of  tin*  implanted  arsenic  was  electrically  active.  The  TEM  micrograph,  together  with  the  electrical 
;?if.is'it  ■: .  indi-at**:  that  the  entire  imp  lan  ta  t  i  on -damaged  Layer  was  melted  !>y  the  laser  pulse  and  that 

liquid  pha  •  <>pitasi.il  regrowth  of  the  molten  laytjr  occurred. 

■  i  ••  p  l  *  •  i  •!  o  irradiated  at  8.1  J/cm'  and  then  Ire. i  ted  in  a  lurnace  i  o  ')/>  K  lot  ten  minutes  to 
Mid,  [  i  ipii  m  i-.n  it  the  implanted  arsenic.  Fig.  2(h)  shows  a  cross  section  TEM  micrograph  ot  the 

pc-  i  i|f  *  i  t  nr  hi  >>  rr  ..Mtnrent.  Arsenic  rich  precipitates  aie  observed  to  depths  ol  about  2bM  A  thiough 

our  ?  h  1  •  i :  1  t  a-  •  ’  i  »n  . 

‘•'■Muii  In  /  ion  m.r.-.  p«'r  U  omef  t  y  (.SfMS)  was  used  to  measute  the  arsenic  profiles  betme  and  .liter  laser 
iri.t^i  Mi  mi.  Ih*  results  are  shown  in  Fig.  \  fot  several  different,  energy  densities.  For  F.j  kiss  than  b 
J/cm'  ,  no  r-disti  ihutioii  ot  tin*  implanted  arsenic  was  observed.  For  higher  pulse  energy  densities,  the 

uisoni  a  toimd  to  diffuse  to  deeper  depths  due?  to  tire*  penetration  of  the  melt  front  and  subsequent 

liquid  phi  *  diffusion  in  the  neat  -surface  region.,,  The  amount  of  redistribution  was  relatively  small  tot 
pul  •*  *‘i»  "fgy  d"ii'  it  i  -  *  in  the  tango  of  b  to  8  J/cnT  .  For  E|  >  8  J/cm',  the  maximum  depth  of  As  di  I  fusion 
begins  to  iii't-Mse  'inch  mote  rapidly  with  increasing  Kj  and  "reaches  depth:;  of  over  10(H)  A  for  pulse  energy 
d'-nsiM  ■.  gt'Mio  than  10  J/cm*'.  No  surface  segregation  behavior  was  observed  in  any  of  the  laser  i  i  i  ad  i 
afed  at  •ni<  impl.inted  specimens. 


Cone  lus i ons 

We  have  shown  that  extremely  shallow  melt  depths  r.m  be  easily  obtained  by  CO,^  laser  annealing  ot  low 


747 


-  ;  .  '  ■  •  i;  ii  siiovs  a  cross  -sec  t  ion.,TEM  micrograph  of  a  sample  after  it  radiat  ion  by  a  O*-, 

it  .  i  •>!,.;  :  :mrgy  density  of  8.1  J/cr.“.  The  bottom  photograph  shows  a  different  sample  that  was 

iv  ,  .  t  i  '• '  F  tot  ten  minutes  alter  being  irradiated  by  a  laser  pulse  at  Ej  8. 1 

it.  •  ■ :  • :  i  v  is  shown  by  an  arrow  in  each  photo. 

energy  (<  j  be”)  at  sett  i  implanted  silicon  layers.  Similar  results  are  expected  for  other  silicon  samples 
Having  a  tlnit  degenat  uely  doped  surface  layer  and  an  underlying  lightly  doped  substrate.  the  primary 
id  ant  h;-'s  of  using  a  CO,  laser  to  achieve  very  shallow  melt  depths,  as  compared  to  a  ruby  or  exc inter 
laser,  ire  that  the  pulse  energy  is  deposited  only  in  the  thin  heavily  doped  layer  at  thi  surface  and  the 
n  i.,  -  i  i  ser  -  induced  melting  of  the  surface  layer  causes  the  reflectivity  to  jump  abruptly  to  a  value  of 
about  9"  ..  The  large  and  sudden  increase  in  the  reflectivity  upon  melting  acts  like  a  switch  to  reflect 
most  at  the  energy  in  the  remainder  of  the  laser  pulse  and  thereby  greatly  reduce  the  amount  of  pulse  energy 
a  'ai table  for  dri'ing  the^melt  front  to  deeper  depths.  For  a  60-ns  pulse  and  pulse-energy  densities  ( ) 
greater  than  about  7  J/cmA,  we  find  that  all  of  the  ion  implanted  arsenic  is  electrically  active  and  the 
near  out  face  region  is  free  of  any  extended  defects. 
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ARSENIC  ATOMS  (cm 


,  ..  .j  0t  arsenic  atoms  as  a  function  of  depth  for  samples  irradiated  at  different  en- 
r|v=  t  iiir  curves  shov  the  arsenic  profiles  for  the  following  samples:  A, .  an  unirradiated 
•  .  a  sncpis  ii radiated  at  E  =7.6  J/cm  ;  ■  ,  a  sample  irradiated  at  EL=9 . 1  J/ct#  ;  and  X,  a  sample 
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Abstract 

Technological  and  economic  pressures  pushing  laser  technology  into  mainstream  manufac¬ 
turing  are  reviewed.  Laser  machining  and  welding  projects  from  McDonnell  Aircraft  (MCAIR) , 
McDonnell  Douglas  Astronautics  -  St.  Louis  (MDAC-STL) ,  McDonnell  Douglas  Canada  (MDCAN) , 
and  Douglas  Aircraft  Company  (DAC)  are  detailed. 

Introduction 

McDonnell  Douglas  Corporation  appreciates  the  unique  material  processing  capabilities  of 
lasers  and  in  the  past  has  applied  them  to  solve  specific  manufacturing  problems.  Recently 
the  laser  has  taken  on  a  new  role.  Lasers  are  no  longer  viewed  as  a  highly  specialized 
mar  '  f actur ing  technology  which  are-  economical  only  in  special  cases.  Instead,  with  the 
advent  of  standard  "off  the  shelf"  Laser  Machining  Systems  (LMS),  lasers  are  taking  their 
place  on  the  shop  floor  along  side  Numerically  Controlled  (NC)  Machining  Centers  and 
various  general  purpose  computer  controlled  production  equipment. 

Key  technological  advances  in  combination  with  economic  pressures  have  pushed  laser 
machining  out  of  the  specialty  market  and  into  mainstream  manufacturing.  Laser  Machining 
Systems  available  today  arc  developed  with  ease  of  programming  and  dependability  as  a  top 
priority.  Machine  tool  builders  have  long  since  mastered  the  art  of  building  rigid 
machines  capable  of  high  loading  and  accuracy.  However,  making  these  machines  easy  to 
program  and  capable  of  moving  from  200  to  300  inches  per  minute  on  complex  curvatures  was 
an  impossibility  until  recently.  A  new  breed  of  multi-axis  controllers  are  capable  of 
handling  the  vast  amount  of  data  required  to  move  a  LMS  through  a  complex  path  at  high 
speeds.  Look  to  the  future  to  bring  more  sophisticated  decoupled  LMS  control  systems  and 
the  introduction  of  high  performance  composites  in  LMS  frames  for  stiffness  to  weight 
capabilities  well  beyond  metal  based  systems. 

The  economic  pressures  that  have  pushed  laser  machining  into  mainstream  manufacturing 
are  world  market  based.  European  and  Japanese  manufacturers  have  been  aggres-ively  exploit 
in/  laser  machining  technology.  The  world  wide  distribution  of  industrial  lasers  and  the 
stiff  international  competition  the  United  States  faces  is  illustrated  in  Figure  1  ^ . 

In  addition  to  these  international  economic  pressures,  the  defense  industry  is  feeling 
the  budget  pinch  out  of  Washington.  Competition  for  the  shrinking  defense  dollar  is  fierce 
The  sporadic  allocation  of  money  by  congress  for  defense  spending  is  demonstrated  by  the 
fluctuations  in  the  Defense  Budget  Authority,  Permission  to  Spend  shown  in  Figure  2.  Avia¬ 
tion  Week  and  Space  Technology  1988  Aerospace  Forecast  issue  states:  "Congressional 
defense  analysts  predict  the  downward  trend  in  military  spending  will  persist  for  at  least 
several  more  years,  intensifying  the  competition  for  dollars  among  new  weapons,  combat 
readiness,  troop  strength  and  research."^  A  flat  or  declining  defense  budget  forces  aero¬ 
space  firms  to  push  for  productivity  improvements  to  allow  them  to  remain  competitive.  New 
technology,  such  as  laser  machining,  is  one  way  to  improve  productivity  and  survive  the 
tight  budget  years. 

McDonnell  Douglas  is  concerned  with  developing  superior  products  from  both  a  performance 
and  cost  standpoint.  For  big  ticket  items  such  as  advanced  fighters,  the  total  number  pro¬ 
duced  is  rarely  over  a  thousand.  Th"  production  quantities  are  even  lower  in  the  commer¬ 
cial  aircraft,  space  systems,  and  some  missile  systems.  Economy  of  scale  can  be  applied  on 
some  standard  parts  produced  in  large  quantities  such  as  fasteners  and  clips.  However,  the 
majority  of  parts  required  to  construct  an  advanced  weapon  system  or  commercial  aircraft 
are  highly  specialized  and  require  a  great  deal  of  "touch  labor".  A  Las°r  Machining 
System,  with  its  flexibility,  repeatability,  and  accuracy  has  proven  to  be  a  valuable  tool 
in  today's  highly  competitive  and  volatile  marketplace. 
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Di::  s  paper  vi  11  a i vo  an  ;"'"rview  of  four  McDonr.el  1  Doualas  components  as  they  prepare 
to  o:  brace  laser  tachmina  as  a  standard  production  operation.  Activities  at  McDonnell 
Aircraft,  McDonne 1 1  Douglas  Astronautics  -  St.  Louis,  McDonnell  Dou  ilas  Canada,  and  Douglas 
Aircraft  -  Lone  Beach  will  be  detailed. 

Mo. ’anno  11  .Aircraft  Dompany  ■,  MCA  I R  i  -  St_.  Louis,  Missouri 

McDonnell  Aircraft  has  been  using  a  1000  watt  CO->  laser  trimming  system  since  197G  to 
cat  bo:  r,  epoxy  composite  prepreu  for  F-15  vertical  and  horizontal  stabilizer  skins  (Figure 
3!  .  A  1st,  MCAIR  be  an.  laser  scribing  c hem-mil  1  maskant  (a  chemically  resistant  strippable 
coat i:t  ■  ;  on  flat  aircraft  parts  in  late  1935  (Figure  4)  .  Both  these  systems  represent 
s'-  'able  productivity  improvements  over  their  manual  counterparts.  In  the  case  of  boron/ 
epoxy  tri-nin.;,  the  difficult  to  cut  boron  fibers  preclude  the  use  of  traditional  ply 
cute  in.  •  techniques  i reciprocating  saw).  For  chem-mi 1 1  maskant  scribing,  the  use  of  overlay 
templates  and  razors  nave  been  replaced  with  an  automated  2-D  Laser  Scrib'  System. 

irtio-.iar  iy  t  roub  lesor.e  Environmental  Control  System  (ECS)  duct  (Figure  5)  is  shaped 
halves  m  a  superplastic  forming  (SPF)  process  and  subsequently  welded.  The  titanium 
is  an.  average  wail  thickness  or  .030".  The  difficult  trim  path  required  for  this  part 
..  with  its  thin  gage  has  lead  to  unacceptable  grind-to-fit  time  in  preparing  the  two 
f  :  wci.  ling. 

. lc  trimming  or  the  duct,  a  single  master  trim  line  will  be  defined  from  MCAIR1 s 
r  \ i bed  Design  Drafting  vCADD)  database  (Figure  6).  By  using  a  master  trim  line  for 
;  r  „  :  l\  i  i  n  :  and  cutting  both  halves  of  the  ECS  duct,  an  excellent  fit  up  results.  Argon 
will  be  used  as  an  assist  ;as  to  reduce  the  creation  of  alpha  case  on  the  laser  cut  edge, 
a.l  win.  :  the  ewe  halves  of  the  CCS  duct  to  be  welded  without  subsequent  edge  preparation, 
id  ere  ~  shows  .  :}■■■  half  of  the  ECS  duct  being  laser  trimmed  during  recently  performed 
:  isibi  1  ity  studies.  This  part  is  currently  undergoing  the  transformation  from  in-house 
manual  trimming  to  ut-of-house  laser  trimming. 

MCAIR ’ s  Flame  Cutting  Process  Specification  lias  been  updated  to  include  laser  cutting. 
Currently  the  laser  cut  edge  and  its  associated  Heat  Affected  Zone  (HAZ)  must  be  removed 
>r  subsequent ly  welded  to  be  structurally  acceptable.  However,  all  new  sheet  metal  pants 
Wi'.  1  bo  classified  as  primary,  secondary  or  nonstructural .  The  nonstructural  sheet  metal 
parts  will  be  laser  cut  without  any  subsequent  edge  treatment. 

Aw  Aw  .,aser  trimming,  laser  welding  is  not  yet  qualified  as  an  official  MCAIR  Process, 
baser  wo i  tin.:  is  closely  related  to  Electron  Beam  (EB)  welding,  a  well  established  process 
at  MCAIR.  MCAIR1 s  current  EB  welding  equipment  is  shown  in  Figure  8.  This  equipment  is 
1  i  i.  ted  t  ••  point-to-point  straight  line  movement.  Set-up  and  pump-down  time  of  the 
vac. i  urn  chamber  makes  EB  welding  a  slow  and  expensive  process.  Laser  welding  requires  a 
: i  -- up  similar  to  EB  welding  (.005"  maximum  gap).  However,  laser  welding  requires  no 
vacuum  chamber  pump  flown.  Both  laser  welding  systems  and  EB  welders  are  available  with 
xsci Hating  beams  which  effectively  widen  the  weld  path  to  accommodate  for  a  less  perfect 
•it  up. 

\  f  ir.ui  .i.iscr  trimming  application  involves  an  F-15E  Engine  Access  Door  (Figure  9).  The 
titanium  door  is  made  in  a  two-sheet  superplastic  forming/diffusion  bonding  (SPF/DB)  pro¬ 
cess.  After  forming,  the  inner  sheet  between  the  stiffening  ribs  of  the  door  is  not 
structurally  required.  one  option  which  has  been  successfully  demonstrated  is  to  allow  the 
inner  skin  to  form  a  3/8"  high  raised  pocket  for  subsequent  laser  trimming.  Figure  10 
shows  three  demonstration  articles  laser  trimmed  for  proof  of  principle.  The  6AL-4V  titani¬ 
um  sheets  are  .100"  thick  at  separations  of  .25",  .50",  and  .75".  In  all  three  cases,  the 
hole  i  ii  the  upper  sheet  was  trimmed  without  the  lower  panel  sustaining  any  damage.  Figure 
li  shows  the  laser  trimming  of  an  F-15E  Engine  Access  Door  modified  to  model  the  proposed 
raised  pocket  concept.  Duo  to  the  cost  involved  in  reworking  the  SPF/DB  tool,  we  are 
ova  1  rating  the  cost  effectiveness  of  this  approach.  However,  it  demonstrates  the  applica¬ 
bility  if  the  laser  trimming  process  for  future  SPF/DB  multi-sheet  aircraft  parts. 

McDonne  1.  I  D  rug  las  Astronautics  Company  -  St.  Louis, _ Missouri  (MDAC-STL) 

McDonnell  Douglas  Astronautics  Company  -  St.  Louis  has  performed  some  interesting  laser 
:  ucnirin:  and  welding  studios  in  the  development  of  a  29"  long  generic  missile  inlet  duct 
Figure  12) .  Two  manufacturing  approaches  were  considered  for  the  inlet  duct:  cast  titani¬ 
um  mil  a  titanium  sheet  metal  weldment.  The  main  challenges  faced  in  casting  the  structure 
are  producing  its  complex  geometry  and  thin  wall  requirements.  As  a  titanium  weldment, 
major  challenges  arise  in  the  welding  of  titanium  sheets  varying  in  thickness  from  .050" 
to  .200"  from  end  to  end.  Secondly,  gaining  access  to  perform  some  of  the  welds  is  diffi¬ 
cult.  Laser  trimming  and  welding  is  an  ideal  solution  to  these  challenges  since  the  laser 
power  can  be  adjusted  to  compensate  for  the  different  thicknesses  of  the  sheet  metal  compo¬ 
nents,  and  foe a  1  Len  jths  can  be  selected  to  allow  access  to  tight  weld  areas. 
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to?*-  specimen  produced  out  of  080"  6AL-4V  titanium.  The 
an  overall  sine  of  20"  x  10"  and  a  series  of  slots  were 
The  other  rheet  was  laser  trimmed  to  an  overall  size  of 
corresponded  with  the  first  sheet's  slots  were  included 
were  lit  together  and  full  penetration  welds  were  made 
n  the  tabs  and  slots  vFiguro  14)  .  This  self-tooled  tab  and  slot 
iai  of  producing  substantial  reductions  in  weld  fixture  too liny 
table  results  achieved  in  these  studies,  plans  i.c-  being  made  to 
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reated  to  support  production  of  the  C- 1 7  military  trans¬ 
in  a  3-D  laser  scribing  system  with  a  44'  x  11'  x  3'  work 
laser  will  be  used  in  place  of  a  razor  to  vapor i "O  a  thin  line  of 
hen-mi  1 1  maskant  without  damaging  the  aluminum  substrate.  DAC 
minum  skins  up  to  40’  Ion;  for  user  scribing.  Beyond  the  high 
an  scribe  in  comparison  to  manua 1  techniques,  a  significant  tool- 
suit  since  scribing  templates  for  these  large  aircraft  parts  do 
maintained.  This  system  is  currently  up  and  running  at  DAC. 
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A.  laser  trimmin:  application  being  developed  at  MDCAM  takes  advantage  of  the  unique 
attributes  of  laser  machining.  Figure  17  shows  an  assembled  wing  tip  for  the  MD-80  commer¬ 
cial  airliner.  This  .090"  thick  6061-T6  aluminum  wing  tip  requires  rough  routing  and  finish 
dressing  of  nine  access  panels  and  cut  outs.  One  of  many  trim  and  drill  fixtures  used  for 
this  iab.,r  intensive  operation  is  shown  in  figure  18.  The  wing  tip's  2024-T3  aluminum 
access  doors  currently  require  an  additional  forming  operation  plus  routine  and  dressing. 

I'he  approach  under  development  at  MDCAX  is  to  trim  the  access  doors  and  cut  outs  with  a 
Jo 2  LMS  .  the  narrow  cut  produced  by  laser  machining  (typically  .008")  ,  allows  an  access 
aver  and  cutout  to  be  produced  from  the  same  formed  part.  Three  times  the  heat  affected 
zone  '.OOd"  is  manually  removed  from  the  laser  cut  edge  while  still  remaining  well  under 
the  .060"  *  -.030"  gap  tolerance.  A  doubler  is  used  to  form  a  sill  for  fastening  the  access 
doors  to  the  wing  tip.  In  addition,  over  390  pilot  holes  will  be  laser  cut  on  the  same 
setup.  Successful  feasibility  studies  were  recently  completed  on  an  actual  MD-80  wing  tip. 
The  sizable  cost  savings  projected  for  this  application  can  be  attributed  to  eliminating 
separate  fabrication  of  the  wing  tip  access  doors. 

Conclusion 

The  activities  underway  at  McDonnell  Aircraft,  McDonnell  Douglas  Astronautics  -  St. 

Louis,  McDonnell  Douglas  Canada,  and  Douglas  Aircraft  -  Long  Beach  represent  a  good  start 
toward  the  introduction  of  laser  machining  and  welding  into  their  manufacturing  facilities, 
fhese  examples  are  just  a  small  sampling  of  numerous  applications  of  laser  technology.  For 
laser  trimming  and  welding  to  take  the  important  position  they  are  capable  of  in  the  future, 
a  commitment  must  be  made  today  to  devote  the  time  and  money  necessary  to  develop  applica¬ 
tions  and  justify  equipment. 


752 


Figure  8  -  Electron  Beam  Welding  Equipment  at 
McDonnell  Aircraft. 


tch  for  Douijlas  Aircraft's  Laser 
s  tern . 


Figure  17  -  MD-80  Wing  Tip  at  McDonnell  Douglas  Canada. 


Figure  18  -  Trim  and  Drill  Fixture  for  the  MD-80  Wing  Tip. 
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DEVELOPMENT  OF  LASERS  AND  LASER  TECHNOLOGIES 
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A  paper  gives  a  survey  of  the  most  important  results  in  the  sphere  of  the  laser  tech¬ 
nique  and  technology  et  VUMA.  It  comprises  the  results  of  the  research  and  development  of 
technological  lasers  and  systems  utilizing  lasers  in  solving  problems  of  production  tech- 
nolcgie.  A  non  -  fungible  role  of  laser  technologies ,  especially  in  the  production  of 
electronic  elements  is  being  stressed. 


1.  Introduction 

In  recent  years  there  was  a  great  swing  in  using  lasers  in  industry,  particularly  in 
technology  all  over  the  world.  It  is  linked  with  the  successful  development  of  the  lasers 
oeing  divided  into  tv/c  mein  types: the  gas  C0?  lasers  and  solid-state  lasers  based  on  the 
Nd:YAG  crystals. 

The  gas  CO*  lasers  are  used  in  various  applications,  mainly  in  mechanical  engineering 
(  sheet  cutting,  welding,  thermal  processing,  film  application  etc.  ). 

The  solid-state  lasers  are  utilized  in  the  production  of  electronic  elements  but  alsc 
in  precision  mechanics  and  in  the  fine-mechanical  engineering. 

There  is  a  presuppose  of  using  solid-state  lasers  of  higher  outputs  also  in  the  ma¬ 
chinery. 

Successful  introduction  of  lasers  into  practice  depends  to  a  high  degree  on  the 
appropriate  positioning  mechanisms  (  usually  equipped  with  GNC  )  and  working  cut  of  tech¬ 
nology  for  individual  applications. 

At  VUMA  the  development  of  laser-beam  machining  follows  the  development  tendencies  in 
the  world.  At  present  it  is  aimed  at  the  utilization  lasers  in  machinery  and  microelectro¬ 
nics. 


2.  Gassions  COp  lasers 

On  the  field  of  the  gassious  C0_  lasers  we  have  developed  the  lkW  unit,  which  is  used 
for  surface  thermal  processing,  welding,  cutting  and  for  other  technologies  and  research. 
It  is  an  industrial  laser  operating  at  a  continuous  mode  with  an  adjustable  output  of  up 
to  1000  W  at  a  wave  length  of  10.6  urn.  It  belongs  to  the  category  of  gas  lasers  excited 
directly  by  low-pressure  electrical  discharge  with  a  high  traversal  gas  flow  rate  through 
an  optical  resonator  and  convective  cooling.  Active  medium  is  created  by  COp,  nitrogen  and 
He  with  a  total  pressure  of  4.6  kPa.  The  opticsl  resonator  is  unstable,  ccnfccal  with  an 
annular  output  beam  with  its  48  mm  outer  diameter. 

The  laser  consists  of  these  two  essential  units: 
a  laser  unit  (  a  low-pressure  container  with  a  fan,  a  vacuum  pump,  a  cooler,  a  discharge 
chamber  with  the  optical  resonator  ) 

-  a  power  supply  unit  (  a  transformer,  a  thyristor  regulator,  8  rectifier,  a  filter,  regu¬ 
lating  and  control  cirenits  ). 

The  laser  must  be  equipped  for  persicular  application  with  the  appropriate  technological 
equipment.  The  technological  accessories  (  a  positioning  mechanism  with  the  focusing  op¬ 
tics  and  a  control  system  )  are  completed  individually  according  to  technological  opera¬ 
tion  and  the  user>s  demands. 


3.  The  solid  -  state  lasers 

At  VUMA  the  development  of  the  solid  -  state  lasers  came  along  with  the 
needs  of  the  electrical  engineering  industry. 

It  was  directed  at  the  utilization  in  the  sphere  of  the  ceramic  and  metal  material  cutting 
trimming  of  film  resistors,  marking  and  lettering  of  details  etc.  The  lsser  incorporates 
an  active  materiel  (  in  a  given  case  it  is  a  Nd:YAG  crystal  ),  which  is  excited  by  optical 
pumping  through  a  discharge  tube  being  closed  with  it  in  a  pumping  cavity. 

A  power  source  is  designed  for  the  excitation  of  the  discharge  tube  snd  supplies  the 
energy.  The  continuous  pulse  width  adjustment  is  used.  The  MU  1631  V  pulse-laser  pareme- 


tres  are  as  follows  :  pulse  energy  .  variable  up  to  9J 

medium  optical  output  .  up  to  50  W 

pulse  repetition  rate  .  up  to  130  Hz 

pulse  duration  .  from  0.5  to  20  m  s 
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Fig.  1  The  MU  1631  V  pulse  lsser  ope¬ 
rates  with  the  Nd:YAG  crystal 
at  the  wave  length  of  1.06  jum 


The  design  of  the  afore  -  mentioned  laser  (  Fig.  1  )  resulted  in  much  new  knowledge 
giving  us  the  opportunity  of  thinking  how  to  achieve  higher  parsmetres  both  medium  output 
parametres  and  pulse  energy  ones.  The  application  efficiency  of  this  type  of  laser  depends 
on  the  approach  to  an  optical  system  fol  laser  beam  transport  and  focusing  and  to  posi¬ 
tioning  mechanism. 

Another  type  of  the  laser  developed  at  VUMA  particularly  for  the  pyrolytic  graphite 
machining  is  a  ELB  001  A  continually  pumped  Q  -  switched  Nd:  YAG  laser  (  Fig.  2  ). 

His  power  output  at  cw  and  in  a  multimode  ranges  up  to  100  W. 

The  discharge  tube  is  supplied  by  a  converter  thyristor  source  with  the  utmost  output 
2x6  kW.  The  laser  water  cooling  system  is  used. 

The  laser  operates  at  a  wave  length  of  1.064  /urn, 

A  modified  type  of  a  continually  excited  Nd:YAG  laser  was  designed  for  the  technolo¬ 
gical  trimming  systems  of  the  monolithic  and  hybrid  integrated  circuits  (the  LTM  l  end 
the  LTH.l  systems).  A  high-pressure  krypton  discharge  tube  through  which  the  laser  is 
excited  is  placed  together  with  the  active  material  in  an  elliptic  cavity,  while,  at  the 
same  time,  the  cooling  water  is  flowing  through  it.  The  pulse  work  which  is  necessary  in 
the  resistor  film  trimming  can  ben  done  by  Q- switch.  The  advantage  of  this  configuration 
is  a  convenient  and  fast  control  of  time  pulse  sequence  according  to  the  controlsystem 
commands.  The  laser  operates  at  TEMoo  mode  which  is  necessary  for  a  quality  cutting  in 
the  resistor  film.  Regarding  this  technological  operation  other  laser  parametres  are  op¬ 
timalized  as  well.  They  sre  as  follows: 

-  medium  output  at  the  pulse  repetition  rate 

1  kHz  .  P  =  1  W 

-  pulse  length  in  the  half  s 

pulse  amplitude  . . .  t  ,  =  250  us 

-  pulse  repetition  rate  . . .  Is-  10  kHz 


# 
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rig.  2  air  001  A  is  the  continuously  pumped  solid-state  laser  with  the 

3-switching  by  the  Nd:  YAG  crystal.  The  output  power  is  up  to  ICC  W. 
The  wave  length  is  1.06  um.  The  laser  head  is  placed  in  the  techno¬ 
logical  system  for  the  machining  of  pyrographite.  The  head  incorpora¬ 
tes  two  holders  with  the  mirrors  of  the  resonator,  the  pumping  cavity, 
the  acousto-optical  modulator  and  a  safety  closing. 

The  output  beam  diameter  is  increased  by  an  expander  by  means  of  the 
mirror  and  the  focusing  lens  is  directed  at  a  workpiece. 


4.  The  laser  systems  for  microelectronics 

The  precise  adjustment  of  the  resistance  values  in  the  resistor  networks  on  the  cera¬ 
mic  substrates  is  necessary  in  the  electronic  components  production,  particularly  in  the 
hybrid  integrated  circuits  (HiC)  and  the  D/A  converters.  The  values  of  the  resistances  are 
adjusted  by  creating  suitably  placed  slots  in  the  resistor  material.  The  laser  beam  is 
successfully  used  for  this  operation.  The  laser  technology  offers  high  productivity  and 
quality  trimming  and  together  with  the  automatic  measurement  device  the  high  precision  of 
the  resistance  adjustment  as  well. 

The  LTbi-1  laser  trimming  system  (Fig. 3)  for  a  12-bit  D/A  converters  was  the  first  cur 
system.  It  incorporates  a  number  cf  subsystems  the  functions  of  which  are  coordinated  by 
the  computer  control  system.  A  positioning  wafer  system  offers  the  controlled  movement  in 
the  X,  Y,  Z  and w  axes,'  Two  perpendicular  optical  systems  cf  galvanometers  fitted  in  s 
block  cf  the  focusing  and  positioning  optics  lccste  the  spot  of  the  focussed  laser  beam  in 
the  working  area.  The  current  in  the  galvanometers  and  thus,  in  fact,  the  deviation  cf  the 
beam  is  regulated  by  the  control  system.  The  measuring  subsystem  controls  end  evaluates 
the  values  cf  the  adjusted  resistances  and  offers  the  data fbr  processing  in  the  control 
computer.  The  adjusted  chip  is  connected  as  a  functional  cne  and  its  output  voltage  or  eu- 
rent  is  evaluated  after  individual  laser  impacts  with  the  help  of  the  converter  with  a 
very  fast  conversion.  The  measurement  device  is  connected  through  the  parallel  adapters 
with  the  computer  system. 

New  principles  cf  active  trimming  were  used  in  designing  the  LTH-1  laser  trimming 
system  fcr  the  thin-film  resistors  in  the  hybrid  integrated  circuits,  thus  the  degree  of 
the  automation  process  was  increased. 


760 


The  LTM-1  laser  trimming  system  for  resistance  adjustment 
in  the  MDA  0565  and  MBA  0566  12-bit  D/A  converters 


Fig.  4 


A  general  view  of  the  LTH-1  trimming  system 


76 1 


The  LTH-1  is  a  relatively  complicated  complex  including  the  following  items  : 

-  s  u,  v  -  positioning  table  for  the  laser  beam  positioning  with  the  control  unit 

-  a  video  -  system  -  a  TV  camera  and  a  monitor  for  the  substrate  positioning  control  and 
monitoring  the  process 

-  the  laser  head  fitted  with  the  Nd:YAG  solid-state  laser  operating  with  the  Q  -  switch 
at  the  TEMco  -  principal  mode 

-  the  substrate  positioning  table  in  the  X,Y,Z,  and  ip  axes  controlled  either  manually  by 
a  jcy-stick  or  automatically  by  the  control  system 

-  a  probe  card  with  the  contacts  and  an  appropriate  holder  connected  with  a  measurement 
bridge 

-  and  a  control  panel. 

A  SM  pC/50  control  computer  operates  as  a  central  control  system  being  connected  through 
a  IMS- II  standard  bus  with  separate  functional  blocks  which  ere  used  for  the  lowest  tech¬ 
nological  level  control.  The  measurement  system  is  controlled  by  a  dominant  system.  The 
transmitted  data  directly  control  the  operation  of  the  aneloque  circuits  of  an  evaluating 
bridge  and  switching  of  the  reed  relays  in  the  PIN  electronics.  The  pins  are  connected 
through  these  relays  from  which  measured  values  are  read. 

The  percent  deviation  from  the  set  resistance  value  is  the  back  information. 

The  control  panel  is  directly  controlled,  in  a  similar  way,  the  signals  are  transmit¬ 
ted  to  it  for  lighting  up  the  LED  signalling  dicdes  and  the  values  cf  the  functional 
press  buttons  are  read  or  the  voltage  values  corresponding  to  the  deviation  of  a  jcy- stick 
fcr  speed  and  direction  control  cf  the  servo-mechanisms. 

The  positioning  mcdul  of  the  laser  beam  consists  of  two  micrccomputer  positioning 
regulators  fcr  the  control  in  X,Y  axes.  These  servo- systems  are  used  for  the  movement  cf 
the  focussed  laser  beam  on  a  set  contour.  The  control  is  autonomous  end  the  central  con¬ 
trol  system  is  required  to  set  a  desired  position  of  speed  and  a  sc  called  control  word. 
The  control  wcrd  is  communicated  to  the  servo-system  fcr  the  mode  operation.  Here  are  the 
following  mode  operations: 

1.  Move  tc  the  desired  position  at  max.  speed  without  the  control  cf  technology. 

2.  Move  tc  the  desired  position  at  the  desired  speed  without  the  control  of  technology. 

3.  Move  to  the  desired  position  at  the  desired  speed  with  the  control  of  technology. 

4.  The  ccntrcl  on  free  coordinates  by  means  of  a  control  lever. 

5.  The  difference  member  clearing. 

6.  Information  calling  on  the  momenta  y  position. 

What  dc  we  understand  by  the  conception  of  the  control  cf  technology?  Because  the  laser 
used  operates  at  the  Q  -  switched  mode  requires  from  the  control  system  generation  cf  the 
switching  pulses  fcr  the  Q-switch.  They  are  derived  from  the  movement  cf  the  u,v  -  sup¬ 
ports  on  which  the  rotary  incremental  sensors  measure  the  position.  Each  information 
from  the  sensor  can  generate  a  starting  pulse.  (The  minimum  pulse  distance  is  2<um). 
Because  the  average  spot  width  of  the  laser  beam  is  from  15  to  20  jum,  it  is  necessary  tc 
ccntrcl  the  spot  overlap  by  individual  laser  "shoots".  It  enables  the  generation  of  the 
starting  pulse  after  a  n-pulse  derived  from  the  incremental  sensor.  The  maximum  value 
cf  n  can  be  15. 

The  substrate  positioning  is  an  important  function  block.  It  is  the  serve-system 
in  X,Y,Z  ,<p  axes  by  means  cf  which  the  substrate  can  be  positioned.  On  the  substrate  there 
is  applied  a  contour  under  the  laser  head  and  the  measurement  points.  The  Y  axis  control 
coincides  with  the  laser  beam  positioning  control. 

The  (X,Y,vp  )  exes  are  used  in  step  drives  in  an  open  loop.  The  control  pulses  are  gene¬ 
rated  over  the  IMS- I I  bus  by  the  central  control  computer.  The  position  is  resd  in  a  con¬ 
trol  computer  register. 

In  the  LTK-1  system  the  measuring  bridge  is  used  for  resistances  in  the  thin-film  hybrid 
networks . 

The  percentual  deviation  of  the  resistor  value  according  to  setting  cf  the  nominal  value 
can  be  measured. 

The  12-bit  A/L  converter  evaluates  the  final  bridge  misalignment.  The  process  is  based 
upon  a  Kelvin  bridge  principle  (measuring  through!  feur  wires)  where  the  effect  cf  the 
leads  resistance  and  the  contact  resistance  of  points  is  eliminated. 

The  accuracy  of  measurements  for  separate  ranges  is  from  0.02  %  to  1%. 

Fcr  example  in  range  from  100XJ,  tolOOkil  the  highest  accuracy  is  0.05%. 

The  range  of  the  accurdc.v  can  be  selected.  At  higher  accacies  the  offsets  cf  opera¬ 
tion  amplifiers  and  interference  must  be  eliminated,  thus  the  measurement  is  prolonged. 

Fcr  the  eliminating  of  the  offsets  it  is  necessary  to  measure  at  two  polarities  of  the 
supply  voltage.  The  interference  can  be  eliminated  by  the  sampling  of  the  output  bridge 
value  or  an  active  filter. 

The  work  on  the  laser  trimming  systems  of  the  resistors  continues  in  the  design  of 
the  systems  for  the  thick-film  hybrid  integrated  circuits  with  the  automatic  loading  cf 
the  ceramic  substrates  with  the  maximum  size  of  the  substrate  6  inch  in  square. 

The  system  LTH-2  is  shown  in  Fig.  5. 
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5.  The  laser  marking  and  lettering  of  details 


This  technology  appears  to  be  very  effective  and  perspective. 

Here  are  its  advantages  in  comparison  with  the  classical  methods  of  marking  : 

-  the  material  being  marked  is  not  affected  by  a  mechanical  tool  therefore  it  is  not 
subjected  to  wear  end  damage 

-  high  marking  speed 

-  the  possibility  of  marking  a  wide  range  of  metallic  and  nonmetallic  materials 

-  quick  change  of  the  laser  beam  parameters  by  means  of  which  the  interaction  radiation 
process  with  material  can  be  effected  in  such  a  way  that  it  may  be  either  melted  down 
or  evaporated 

-  quick  and  comfortable  change  of  the  type,  size  and  the  way  of  marking  from  the  control 
panel 

-  the  long  life  of  the  mark 

-  the  possibility  of  the  process  automation. 

A  UP  1641  V  silicon  wafer  marking  system  (Fig. 6)  was  designed  for  the  application  in  the 
electronic  components  production. 

The  system  operates  with  the  Nd: YAG  laser  at  the  wave  length  of  1.064  urn  and  is  fitted 
with  a  manipulator  for  automatic  wafer  marking  with  the  diameter  of  up  to  6  inch  by  means 
of  the  system  "from  one  cassette  to  another  one".  The  mark  is  msde  according  to  a 
SEMI  -  OCR  standard. 


6.  Conclusion 

The  development  of  laser  technologies  in  the  sphere  of  electronics  has  achieved 
important  results.  However,  potential  possibilities  are  not  yet  used. 

The  power  CO-  lasers  which  can  assure  higher  quality  and  productivity  of  labour,  and 
better  utilization  of  material  will  be  for  the  mechanical  engineering  of  great  importance. 
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ABSTRACT 

High  power  Lasers  are  increasingly  being 
used  to  replace  conventional  mechanical  cutting 
methods  in  the  removal  of  extremely  fine 
features  in  electronics  applications. 

Current  examples  of  this  are  in  the  area  of 
photomask  feature  changing  and  metal  trimming 
to  effect  changes  in  resistance  values  at  the 
silicon  level  in  order  to  vary  the  performance  of 
analog  circuits.  Such  applications  deal  with 
photolithographic  features  with  0.5  micron 
accuracy  which  do  not  necessitate  the  use  of 
vision  systems  to  find  imperfect  features. 

National  Semiconductor's  Advanced 
Packaging  Equipment  Group  set  out  to  apply  lasers 
to  the  problem  of  leadframe  feature  removal  in 
fine  pitch  packages.  The  system  developed  is  fully 
automated  with  high  resolution  parallel 
processing  vision  system,  and  magazine  to 
magazine  material  handling. 


INTRODUCTION 

New  silicon  technology  particularly  in 
the  field  of  Application  Specific  Integrated 
Circuits  (ASIC's)  create  demands  for  more 
compact  packaging  of  Integrated  Circuits. 

The  requirement  for  higher  numbers  of 
connections  to  the  outside  world  from  84  to  400 
leads  and  short  leads  for  faster  signal  processing 
has  driven  the  footprint  of  molded  surface 
mounted  components  to  approach  the  same 
magnitude  as  that  of  the  silicon.  Silicon  die  sizes 
of  500  mils  square  are  now  becoming  common 
place  in  ASIC's  and  as  this  happens;  lead  spacing 
becomes  finer;  and  large  die  size  has  a  more 
profound  effect  on  the  shrinkage  variation  of  the 
plastic  encapsulation  material. 

c.f.  Figure  1.  180  lead  TapePak®. 

This  leads  to  two  areas  of  challenge:- 

The  pitch  becomes  too  fine  for 
conventional  punch-die  inter  lead  cutting; 

The  position  of  the  features  to  be  cut 
becomes  unpredictable  as  the  package  sizes 
become  larger. 

Thus,  the  finest  limits  of 
mechanical  punch  die  material  cutting 
traditionally  used  for  copper  interconnect 
removal  have  been  exceeded,  and  the  package 
shrinkage  variation  exceeds  required  positioning 
tolerances. 

The  development  of  a  laser  material 
processing  system  has  provided  a  flexible  tooling 
solution  which  is  capable  of  removing  dambars 
between  leads  on  10  mil  centerlines,  and  by 
integrating  it  with  a  vision  system  the 
dimensional  variations  caused  by  shrinkage  can  be 
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recognised.  Programming  of  the  process  to 
accommodate  new  package  designs,  different  die 
sizes  (resulting  in  different  shrink  rates),  and 
product  changes  can  be  accomplished  in  minutes, 
as  opposed  to  weeks  or  months  of 
characterization  and  development  of  hard  tooling 
for  this  purpose. 


L  m  mil . . 

1  2 . 

1  "i . ' 

1  *  •IIIIIIIIMIMIIIIIHI 

: . . . -F*  1 

National  Semiconductor  180  Lead 

BACKGROUND 


For  typical  molded  dual  in  line  packages 
(DIPS),  where  lead  spacing  is  50  mils,  the  dambar 
removal  process  is  accomplished  with  mechanical 
punch  and  die  tooling.  The  punch  removes  the 
dambar  and  associated  flash  in  one  motion.  In  this 
case  one  may  assume  that  each  lead,  and 
associated  gap  between  each  lead,  is  25  mils 
wide.  Then  each  punch  is  approximately  22  mils 
wide  and  must  be  absolutely  positioned  +/-  one 
half  mil.  If  the  lead  spacing  is  reduced  to  15 
mils,  the  punch  width  would  be  reduced  to  six  and 
one  half  mils  (.0065  inch),  or  about  twice  the 
width  of  a  human  hair !  The  current  carbide 
grinding  limit  is  .008  inches.  Obviously,  for  high 
leadcount,  high  density,  encapsulated  packaging  to 
be  practical,  this  mechanical  method  is  not 
viable  and  non  conventional  solutions  must  be 
sought. 

Mechanical  Punch  Configuration. 


Dambars  are  a  leadframe  feature  located 
just  outside  the  area  of  the  molded  plastic  1C 
body.  For  this  application  the  dambars  are  located 
10  to  20  mils  from  the  body.  Their  function  is  to 
block  (or  dam)  the  flow  of  liquid  molding 
compound  between  the  leads  during  the  molding 
process.  Since  dambars  provide  a  direct  electrical 
path  between  leads,  they  must  be  removed 
sometime  after  the  molding  process  and  before 
electrical  testing  of  the  component. 


FIGURE  2:  Leads  on  15  mil  centerlines 
joined  by  dambars.  Molded  body  is  above. 


.0002"  Stripper  sliding  clearance. 


Punch  Stripper  Guide 


6.5  mils 


i - 1  I - 1 


7  mils  best 

8  mils  with 


target. 

stack  tolerance. 


THE  LASER  PROCESS 


To  cut  the  one  ounce  cold  rolled  (2.8  mil 
thick)  copper  dambar  a  Q-switched  YAG  laser 
beam  is  used. 

The  Laser  resolution  is  .0004  inches. 


Figure  2  shows  copper  leads  joined  by  the 
dambar.  The  dark  area  in  the  upper  portion  of  the 
photo  is  the  molded  body  encapsulating  the  die. 
The  black  squares  bordered  between  two  leads, 
the  dambar,  and  the  molded  body  is  the  flash 
that  must  be  removed  along  with  the  dambar.  The 
lead  spacing  is  15  mils,  centerline  to  centerline. 


Figure  3  is  an  example  of  the  dambar 
removal  portion  of  the  process.  The  focused  laser 
creates  a  1  mil  kerf  width  separating  the  dambar 
at  either  end  from  the  leads.  The  dambar  removal 
tolerances  are  from  flush  with  the  lead  to 
maximum  .0005  inch  protrusion. 


766 


Figure  3:  Dambars  have  been  separated  from 
leads  with  laser.  Maximum  permissible  remaining 
dambar  is  .0005  inch. 


Laser  System  Block  Diagram 


Factory  Host  Communications 


Part 


Figure  4.  SYSTEM  BLOCK  DIAGRAM. 


SYSTEM  APPROACH. 


Galvo  Mirrors 

For  high  response  processing,  the  laser 
beam  is  directed  by  a  galvo  mirror  assembly, 
while  the  part  remains  stationary. 

Optimization  of  the  cut  path  is  important  as 
it  affects  the  rate  at  which  parts  are  processed 
and  process  side  effects. 

The  laser  galvos  scan  more  than  22  inches 
to  process  the  180  lead  part  with  64%  laser 
cutting  length  efficiency.  Vector  co-ordinate 
execution  in  non-cutting  mode  are  completed 
more  rapidly  (600X)  improving  time  based  laser 
efficiency  to  99.97%. 


This  is  1200%  faster  than  using  servo  X-Y 
moving  of  the  part. 

Vision. 

Due  to  the  required  accuracy  of  the  process, 
and  the  variation  from  part  to  part  due  to 
shrinkage,  a  vision  system  is  incorporated  to  find 
selected  reference  points  on  the  component. 
Because  of  the  high  resolution  and  speeds 
required  camera  movement  is  impractical. 

The  vision  system  is  directed  by  another 
galvo  mirror  assembly.  The  field  of  view  of  the 
vision  system  is  .050  inch  square.  The  vision 
system  has  an  array  of  256  x  256  pixels,  giving  an 
edge  detection  accuracy  of  better  than  .0002  inch 
(2/10  of  a  mil). 

The  two  galvo  systems  are  calibrated  to 
each  other,  but  work  asynchronously.  The  vision 
system  finds  reference  points  on  the  leadframe 
while  the  laser  system  cuts  relative  from  these 
points.  This  "master  calibration"  need  only  be 
done  once,  however  it  is  updated  periodically  to 
compensate  for  any  drift  of  the  two  systems  over 
time. 

The  complete  processing  station  is 
contained  in  Class  I  housing  to  BRH  standards,  and 
operator  assistance  is  required  only  for  the 
loading  and  unloading  of  magazines  of  product. 


Automatic  magazine  to  magazine 
handling  of  the  components  in  strip  form  is 
essential  for  hands  off  operation.  Components  are 
indexed  one  at  a  time  into  the  lase  site. 


OBSTACLES  OVERCOMF 

Vaporized  copper  and  molding  compound 
waste  generated  by  the  process  must  be  removed 
in  such  a  fashion  that  they  are  not  permitted  to 
redeposit  on  the  package.  Remaining  pieces  of  the 
dambar,  as  large  as  8  mils  square,  must  also  be 
removed. 
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Changing  incident  light  angles  associated 
with  galvo  mirrors  were  found  to  provide 
inconsistent  edge  detection  by  the  vision  system. 
Therefore,  top  lighting,  either  pre-  or  post 
scanning,  was  unacceptable.  Back  lighting  was 
found  to  provide  a  more  stable  image.  The  back 
lighting  optics  and  debris  removal  chuck  are 
incorporated  together  in  a  single  design. 

HinnFN  BENEFITS. 

Fast  prototyping  of  new  packages  is  now 
possible  using  the  Laser  system  to  configure  the 
leadframe  and  the  package  when  molded  oversize 
from  existing  package  tooling.  Tape  feature 
change  without  production  mask  investment  is 
simple  and  quickly  done. 

The  flexibility  of  the  system  currently  is 
capable  of  handling  nine  varieties  of  package  with 
quick  software  change  and  minimal  mechanical 
changeover. 

Valuable  engineering  time  and  further 
capital  funds  are  no  longer  tied  up  for  every  new 
design  of  package  to  be  invented.  Also,  unused 
tooling,  and  spares,  aren't  sitting  under-utilized 
while  production  time  is  slack  for  a  particular 
product,  as  wou'd  be  the  case  for  hard  tooling. 

RESULTS  &  CONCLUSIONS. 

The  limits  of  laser  accuracy  are  far  from 
being  exceeded.  With  one  mil  kerf  width  on  high 
power  Lasers  the  limitation  will  not  be  the  laser 
but  the  system.  Although  it  has  never  been  tested, 
it  is  estimated  that  dambars  associated  with  lead 
spacings  of  2.0  mils  could  be  removed  by  the 
method  described  in  this  paper. 

The  flexibility  of  the  laser  system  has 
significantly  reduced  the  prototype  to  product 
cycle  time  that  is  required  for  new  package 
designs,  and  accordingly,  the  cost.  One  package 
was  completed  in  8  weeks  using  the  Laser  to 
prototype.  The  process  of  laser  dambar  and  flash 
removal  produces  consistent  and  superior 
trimming  quality  compared  to  hard  tooling. 

It  is  a  true  non  contact  process. 


Laser  Processing  as  a  production  tool. 


Advantages. 

Process . 

Nnn  contact  process  tor  tine  pitch  thin  foil  interconnect. 
Process  is  burrless . 

Plastic  resin  removal  and  cutting  in  the  same  process 
step. 

A££im£3L 

1 .0  mil  laser  beam  diameter. 

0.2  mil  resolution  (image  processor). 

FlexibilM 

CAD  addressable. 

Process  program  parameters  can  be  changed  and  stored 
in  software. 

Cutting  programs  can  be  changed  easily. 


Fast  turn-around . 

Packages  can  be  prototyped  quickly. 

Oddball  pitchs  and  leadcount  can  be  run  without  retool. 

Minimum  Heat  Affected  Zone. 

Tape  can  be  cut  front  foil  for  planar  and  bump 
applications. 
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Abstract 


Trie  success  of  tne  low  power  HeNe  laser  as  a  teaching  tool  in  higher  education  is  well 
established.  We  have  extended  the  laser's  use  to  secondary  education  by  developing  a  labor¬ 
atory  course  having  the  form  of  a  collection  of  laser-oriented  electro-optic  exercises 
which  are  described  here  in  broad  detail.  The  exercises  are  designed  to  lead  to  student 
research  projects.  The  essence  of  this  approach  is  to  introduce  the  principles  of  optics 
by  studying  ways  of  .modulating  and  manipulating  laser  beams.  The  course  has  been  demon¬ 
strated  in  the  form  of  nands-on  workshops  to  groups  of  high  school  physics  teachers  who 
have  enthusiastically  endorsed  it.  The  equipment  used  is  a  mixture  of  relatively  expensive 
items  such  as  a  laser  and  an  oscilloscope,  and  an  assortment  of  inexpensive  items  such  as 
snail  motors  a. id  Polaroid  sheets.  Preparations  are  underway  to  "field  test"  this  course 
with  high  school  students  in  a  classroom  setting. 


Introduction 


The  priority  of  optics  in  high  school  science  education  has  been  rejuvenated  by  the 
microelectronic  and  laser  revolutions.  Optoelectronics  has  become  the  leading  edge  tech¬ 
nology  for  future  generations  of  computers.  Laser  applications  are  proliferating;  the  or.e- 
tine  " s b 1 u t i on  -  1 oo k i n g- f o r - a- pro b 1 em "  is  now  the  basis  for  a  host  of  new  scientific  and 
industrial  devices  and  processes.  Op t o - e 1 eo t ron i cs  ,  fiber  optics,  laser  technology,  and 
the  potential  of  optical  computing  have  come  together  to  create  a  "photonics"  technology 
that  promises  to  outstrip  silicon  in  growth  and  importance  before  the  21st  century.  How¬ 
ever,  introductory  physics  courses  in  secondary  and  higher  education  reflect  little  of  this 
trend,  apart  from  the  appearance  of  minor  addenda  to  the  traditional  syllabus  on  "recent" 
developments  such  as  lasers,  fiber-optics  end,  perhaps,  holography. 

This  article  describes  an  innovative  high -school-level  optics  laboratory  course  having 
laser  applications  as  its  main  theme.  Each  laboratory  exercise  is  centered  around  the  use 
of  tne  Helium-Neon  laser  as  the  key  laboratory  tool,  and  involves  beam  manipulation  and 
modulation  as  the  primary  study  areas.  The  student  investigates  basic  optical  principles 
using  one  of  the  key  devices  which  has  given  rise  to  the  new  optics  and  applies  these  prin¬ 
ciples  in  simplified  versions  of  photonic  instrumentation  and  devices  found  in  the  "high- 
tech"  world  around  them.  With  this  approach  wo  believe  students  will  be  inspired  to 
explore  further  the  world  of  optics,  and  the  emphasis  on  applications  can  be  coordinated 
with  the  introduction  of  other  branches  of  science  and  technology.  Indeed,  it  is  intended 
that  such  further  exploration  be  an  integral  part  of  the  course  by  having  each  exercise 
lead  to  a  student  research  project. 

The  course  was  designed  and  developed  in  1988  by  the  authors,  and  has  since  been  demon¬ 
strated  to  British  and  American  high-school  physics  teachers  in  the  form  of  hands-on  work¬ 
shops.  Twelve  student  exercises  were  presented  and  a  detailed  description  of  one  can  be 
found  in  Ref.  1.  The  response  to  this  techno  logy  -  or i ented  approach  to  optics  education  has 
teen  very  favorable. 


The  Laser-Based  Course 


Tne  main  "tools"  of  this  course  are  a  laser,  an  oscilloscope,  a  power  supply,  a  function 
generator,  and  a  camera.  .Secondary  items  are  photodiodes,  low  voltage  DC  motors,  small 
loudspeakers,  a  liquid  crystal  cell,  lens  and  mirror  holders,  and  an  assortment  of  general- 
purpose  holders.  Burette  clamps  are  particularly  useful. 

The  class  starts  with  a  brief  introduction  to  lasers  and  laser  light  and,  perhaps  more 
importantly,  to  laser  safety.  The  CORD  approach  to  laser  safety2  is  appropriate  here; 
students  individually  have  to  demonstrate  their  ability  to  operate  a  laser  safely  in  per¬ 
forming  a  series  of  simple  specific  exercises. 

The  remainder  of  this  paper  describes  in  broad  terms  the  fifteen  areas  of  study  covered 
by  the  course. 
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1.  Using  a  laser  for  me  curing  large  objects,  and  for  studying  beam  divergence. 

Initially  the  height  of  the  laboratory  and  the  length  of  a  table  at  its  other  end  can  be 

measured  using  triangulation  methods,  and  this  Idea  can  be  extended  to  measuring  the  exter¬ 
nal  dimensions  of  buildings.  While  doing  this,  the  divergent  nature  of  the  beam  will 
become  obvious,  and  its  angle  of  divergence  can  be  measured  and  compared  to  manufacturer's 
"specs" . 

2.  Using  a  laser  to  measure  the  optical  properties  of  boundaries. 

The  directionality  of  a  laser  beam  makes  it  a  good  approximation  to  a  single  ray.  This 
property,  together  with  its  high  irradianee,  makes  it  an  ideal  probe  for  studying  the  bend¬ 
ing  of  light  at  boundaries.  A  tank  containing  scattering  particles  in  water  to  pick  out 
the  beam  path  as  it  bends  works  well.  Cases  that  can  be  studied  are  refractions  through  a 
glass  prism,  a  glass  slab,  and  a  hollow  prism,  and  reflections  from  single  plane  mirrors 
and  double  mirrors.  Total  internal  reflection  is  also  a  "natural"  using  this  equipment. 

3.  Steering  a  laser  beam  with  flat-surface  devices. 

The  optical  lever  effect  can  be  used  effectively  to  reveal  small  movements  of  mirrors 
attached  to  thermally  expanding  bodies,  or  to  building  walls,  and  also  to  study  movement  of 
liquid  surfaces.  More  interesting,  however,  are  lightweight  mirrors  attached  to  motors  or 
loudspeakers;  beams  can  be  swept  at  constant  angular  velocity,  swept  back  and  forth,  or 
made  to  follow  a  circular  path.  If  two  units  are  used,  then  Lissajous  figures  can  be 
formed,  or  interesting  but  complicated  patterns  produced  if  the  input  to  one  or  both  the 
loudspeakers  are  voice  patterns  or  music.  Rotating  slabs  and  prisms  are  other  interesting 
beam -sweeping  devices. 

а .  Steering  a  laser  beam  using  curved  surfaces. 

The  focusing  and  expanding  properties  of  lenses  are  discovered  by  studying  the  ways  they 
"steer"  or  redirect  narrow  beams  incident  upon  them  (equivalent  to  rays).  This  leads  to 
the  concepts  of  focal  point,  focal  length,  conjugate  points,  and  the  function  of  lens  sys¬ 
tems.  The  key  item  for  this  project  is  the  use  of  a  loudspeaker  scanner  which  effectively 
produces  a  fan  of  rays  emanating  from  a  point  source.  The  lenses  then  focus  or  expand  this 
fan  in  a  strikingly  visual  manner,  allowing  calculations  of  focal  lengths,  etc. 

5.  Guiding  beams  with  fibers. 

The  importance  of  fioer  optics  in  today's  technology  dictates  that  a  complete  section  be 
devoted  to  this  topic.  Large  diameter  plastic  pipes  and  fibers  can  be  used  to  demonstrate 
the  basic  principles.  Numerical  apertures  can  be  measured,  and  the  use  of  a  series  of 
fibers  channeling  into  a  common  photodetector  to  measure  the  velocity  of  a  body  passing 
their  free  ends  makes  an  interesting  project.  The  activity  shown  at  the  workshops  involved 
a  tank  containing  three  liquids  which  form  layers  having  differing  refractive  indices,  the 
middle  one  being  the  highest.  The  beam  directed  into  this  layer  is  trapped,  the  layers 
acting  as  a  step-index  fiber.  What  is  fascinating  about  this  arrangement  is  that  in  about 
24  hours  the  layers  diffuse  partially  into  each  other  transforming  the  arrangement  into  a 
graded  refractive  index  (GRIN)  "fiber".  In  this  case  the  beam  follows  a  sinusoidal  shaped 
path  along  the  central  layer.  Measurement  of  the  refractive  indices  of  the  liquids  used 
and  the  selection  of  alternative  liquids,  plus  the  development  of  a  schlieren  system  to 
visualize  the  boundaries  between  the  liquids,  all  make  for  exciting  extensions  to  these 
ideas. 

б.  Using  a  laser  for  spatial  character  reading. 

The  high  directionality  of  a  laser  beam  makes  it  ideal  for  studying  fine  detail  when 
moving  across  an  array  of  "characters".  We  have  used  stationary  beams  with  moving  patterns 
and  moving  beams  with  stationary  patterns. 

One  of  the  loudspeaker  scanners  can  be  used  to  scan  a  stationary  pattern  in  the  form  of 
a  t r ans par e n cy  ,  the  transmitted  beam  then  being  collected  by  a  positive  lens  and  directed 
onto  a  small  stationary  photodetector  placed  at  the  point  of  focus.  In  this  manner  a  spa¬ 

tial  pattern  is  being  translated  into  a  series  of  electrical  pulses.  A  stationary  beam  can 
also  be  passed  through  a  spinning  transparent  disk  on  which  is  glued  an  opaque  letter(s) 
before  passing  on  to  a  photodetector  connected  to  an  oscilloscope.  Rotating  the  disc  at 
high  speed  while  slowly  traversing  the  beam  radially  along  it  gives  a  slowly  changing  oscil¬ 
loscope  pattern  which,  if  studied  carefully,  reveals  what  letter  is  on  the  disc. 

7.  Studying  the  profile  of  a  laser  beam. 

The  essence  of  this  experiment  is  to  direct  the  beam  onto  a  scanner  and  then  onto  a 
3inall  photodetector.  If  the  raw  beam  is  to  be  studied,  then  it  is  necessary  to  allow  a 
long  run  between  the  scanner  and  the  detector  in  order  for  the  natural  divergence  to  pro¬ 
duce  a  sufficiently  large  spot  to  be  studied.  If  a  lens  is  used,  then  the  run  does  not 
have  to  be  as  great.  In  either  case,  a  steady  pattern  can  be  obtained  on  the  oscilloscope 
for  analysis. 
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i  s  e  r  to  study  diffraction  effects. 

'um'nofer  diffraction  patterns  produced  by  the  passage  of  a  beam  through  s  i  n  - 
l n d  multiple  slits  can  be  observed  and  analyzed  by  scanning  them  across  a 
.ectcr.  Diffraction  gratings  can  also  be  used.  One  particularly  interesting 
■"  experiment  involves  using  a  loudspeaker  to  generate  ripples  on  a  water  sur- 
itudy  how  laser  light  is  scattered  off  this  "diffraction  grating".  The  grat- 
i n  be  varied  by  changing  the  frequency  of  the  signal  fed  to  the  loudspeaker, 
i  c  t  i  or.  also  shows  up  well  if  the  beam  is  allowed  to  shine  onto  a  very  distant 
:ts  are  placed  in  t h e  b earn. 


;  a  laser  to  study  rotational  and  vibrational  motion. 

>r: sive  DC  motors  capable  of  500  rev/s  can  be  bought  at  most  hooby  shops  or  surplus 
irieir  angular  velocities  are  voltage  sensitive  and  they  operate  in  the  range  0-3V 
;es  them  very  safe.  If  a  "floppy"  disk  of  stiff  paper  with  a  slot  cut  out  of  it  is 
i r t o  the  motor  shaft,  then  the  beam  is  broken  into  a  series  of  pulses,  which  can  be 
strcpe"  the  motion  of  rotating  or  vibrating  objects.  At  the  same  time  the  chopped 
he  sampled  and  displayed  on  an  oscilloscope  to  determine  the  exact  speed  of  the 
This  is  one  experiment  where  the  cnallenge  of  miniaturizing  the  system  and  the 
ty  of  using  a  conventional  light  source  might  be  considered. 


t  x  i  s  p  t 
i  a  r.  .1  c 


;  a  laser  beam  using  polarizing  sheets. 

sing  sheet  is  spun  at  a  constant  angular  velocity  in  a  laser  beam  already 
;,  then  the  beam  will  have  its  irradiance  modulated  in  a  sinusoidal  fashion 
’  e u  e  r.  o  y  of  t'ne  rotating  sheet.  The  system  hence  acts  as  an  optoelectronic 
i  frequency  of  which  can  be  varied  by  changing  the  DC  voltage  applied  to  the 
Sous  very  interesting  effects  can  occur  when  this  beam  is  now  directed  onto 
it  Brewster's  angle.  For  instance,  if  the  stationary  polarizing  sheet  has 
id i c  u I ar  to  the  plane  of  incidence,  then  upon  reflection  of  the  beam  off  the 
the  photodetector,  a  signal  at  twice  the  frequency  of  the  spinner  will  be 
;he  stationary  sheet  is  turned  through  90  degrees,  then  a  frequency  of  four 
ter  frequency  will  be  seen.  It  is  this  sort  of  thing  that  we  want  the  stu- 
Dor  themselves,  and  to  work  at  trying  to  understand  what  is  happening. 


s  i  n  u  s  o 
a  n  i  n  t 
r. ent  . 
has  i  : 
cell, 


study  of  the  effect  of  passing  a  laser  beam  through  a  liquid  crystal  cell. 
ge  liquid  crystal  display  cells,  either  removed  from  some  old  equipment  or  purchased 
rovide  a  very  interesting  and  inexpensive  way  of  modulating  a  plane  polarized  laser 
For  transmission  through  the  cell,  the  mirror  glued  to  one  surface  must  be  peeled 
d  replaced  with  an  ordinary  polarizing  sheet.  The  cell  can  be  activated  with  a  7V 
idal  signal,  maybe  from  the  optoelectronic  oscillator  mentioned  in  Section  10!  It  is 
cresting  side  exercise  to  find  out  which  connector  "pads"  lead  to  which  number  seg- 
Once  a  segment  is  found,  then  the  beam  can  be  passed  through  it  to  be  modulated.  A 
experiment  here  is  to  increase  the  excitation  frequency,  study  the  response  of  the 
and  plot  a  response  curve. 


12.  Photodetector  linearity. 

Four  linearity-check  methods  suggest  themselves  and  probably  they  should  all  be  tried. 
Tne  first  is  to  assume  the  law  of  Mai  us  applies  to  the  spinning  polarizing  sheet  described 
earlier  and  to  search  for  and  evaluate  any  deviations  from  the  expected  sinusoidal  curve. 
The  second  is  to  assume  a  Gaussian  distribution  of  the  beam  irradiance  in  the  "profile" 
scanning  experiment  and  again  look  for  deviations.  The  third  is  to  assume  an  inverse 
square  relationship  between  irradiance  and  distance  along  the  beam  at  large  distances  or 
along  a  beam  expanded  by  a  lens.  The  fourth  is  to  stack  neutral  density  filters  in  the 
beam  and  note  the  corresponding  transmissions  as  measured  by  the  photodetector. 

in  the  last  two  of  the  above  activities,  the  chopper  could  be  used  to  allow  one  to  work 
with  pulse  heights  rather  than  DC  levels. 


13-  Beam  absorption  in  various  materials. 

Measuring  the  incident  and  transmitted  irradiances  for  various  color  filters,  and  vari¬ 
ous  numbers  of  the  same  color  filter,  gives  good  data  for  analysis.  The  exponential  nature 
of  absorption  with  distance  traveled  is  clearly  revealed,  and  the  absorption  of  liquids 
containing  absorbing  and  scattering  centers  whose  density  might  vary  with  time  can  be  stud¬ 
ied.  In  addition,  this  is  a  good  time  to  measure  the  reflectance  of  various  surfaces  such 
as  iaser  mirrors,  aluminum  mirrors,  and  so  on. 

All  studies  of  this  kind  can  well  be  done  using  pulse  height  analysis  after  first  chop¬ 
ping  the  incident  beam. 


if.  Holography. 

Even  though  hologram  making  was  not  possible  at  the  workshops  due  to  time  constraints, 
it  will  certainly  play  a  major  role  in  the  development  of  this  course.  Holograms  were 
3hown  at  both  workshops  and  generated  the  usual  excitement.  The  authors  have  both  had 
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experience  at  teaching  holography  classes  and  will  probably  concentrate  in  this  course  on 
small  f  treat  D  e  r.  i  3  y  u  X  holograns  . 

Conclusions 

Laboratory  exercises  relating  to  each  of  the  areas  described  in  this  paper  have  been 
developed  and  demonstrated  before  forty  high  school  teachers.  Following  the  demonstra¬ 
tions,  the  teachers  had  a  chance  to  operate  the  assembled  equipment  themselves,  and  it  was 
at  this  point,  seeing  their  excitement,  that  we  realized  how  valuable  the  laser  could  be  as 
a  teaching  tool  in  science  and  technology  education  at  the  secondary  school  level.  The 
laser  is  ar.  exciting,  impressive-to-be-seen-using  instrument,  a  fact  which  is  very  impor¬ 
tant  for  the  age  group  being  considered;  and  the  highly  directional  intense  beam  can  be 
manipulated  and  modulated  by  a  number  of  inexpensive  devices  to  create  a  menu  of  exciting 
and  scientifically  important  exercises.  We  are  very  satisfied  with  the  results  to  date. 

The  next  step  is  to  enlarge  upon  the  laboratory  notes  we  have  written  so  far,  and  to 
establish  "laser  labs"  at  a  number  of  local  high  schools  in  order  to  evaluate  their  effec¬ 
tiveness  in  a  classroom  setting.  Preparations  are  under  way  with  a  group  of  high  school 
physics  teachers  to  initiate  a  program  in  the  Fall  of  19b9,  and  preliminary  results  should 
be  available  in  the  Spring  of  1990. 
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MODERATOR: 

F.  J.  Duarte 
Eastman  Kodak  Company 
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H.  R.  Aldag 

AVCO  Research  Laboratory 

R.  W.  Conrad 
U.  S.  Army,  MICOM 
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Naval  Ocean  Systems  Center 
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Dr.  Duarte: 

In  this  introduction  I  would  like  to  outline  some  very  basic  features  of  dye  lasers 
which  make  these  stimulated  emission  sources  rather  unique.  First,  it  is  well  established 
that  pulsed  dye  lasers  can  emit  virtually  at  any  wavelength  from  the  near  UV  to  the  near 
IR.  This  is  possible  due  to  the  availability  of  a  large  selection  of  dye  molecular 
species.  In  addition,  given  the  wide  variety  of  pump  sources,  ranging  from  flashlamps  and 
excimer  lasers  to  Nd:YAG  and  copper  lasers,  there  exists  ample  choice  in  laser  output 
characteristics: 

High  peak  powers 

Large  energy  pulses  (up  to  400-800  J  per  pulse) 

Short  pulses  (ns  regime) 

Long  pulses  (ms  regime,  flashlamp  excitation) 

Pulse  repetition  frequencies  up  to  20  kHz  (copper  laser  excitation) 

High  average  powers  (in  excess  of  several  100's  of  Watts) 

Broadband  emission 
Narrow-linewidth  emission 
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This  flexibility  is  also  reflected  in  the  financial  side  where  emission  at  a  particular 
wavelength  can  be  achieved  through  several  different  combinations  and  integrated  systems 
offering  significant  contrast  in  capital  and  operational  cost. 

At  this  stage  it  is  appropriate  to  indicate  that  the  success  of  the  dye  laser  is  best 
underlined  by  its  use  in  a  wide  range  of  applications: 

Study  of  fundamental  physical  phenomena 
Numerous  types  of  spectroscopy  techniques 
Medicine 
Industry 

Laser  Isotope  Separation  (LIS) 

LIDAR 

Military 


It  is  in  part  due  to  this  wide  usage  of  dye  lasers,  and  the  proliferation  of 
commercial  manufacturers,  that  many  people  tend  to  dismiss  the  field  of  dye  lasers  as  a 
mature  technology  needing  little  further  development  and  research.  Certainly,  I  tend  to 
disagree  with  this  perspective.  Instead,  I  would  like  to  advance  the  thesis  that  although 
much  has  been  accomplished  in  the  physics  and  technology  of  dye  lasers  still  a  lot  remains 
to  be  done. 

The  latter  point  can  be  highlighted  rather  easily  by  focusing  on  a  further  example 
which  will  illustrate  the  strength  and  the  assumed  weakness  of  dye  lasers.  For  several 
reasons,  not  explained  here,  in  the  past  few  years  there  has  been  considerable  interest  in 
blue-green  lasers.  Now,  let  us  consider  a  few  tunable  blue-green  lasers  together  with 
their  transitions.  It  is  clear  that  those  lasers  with  atomic  transitions  can  be  tuned 
within  a  few  GHz  while  the  molecular  lasers,  such  as  HgBr,  offer  a  much  broader  tuning 
range.  However,  in  both  cases  the  tuning  ranges  available  are  quite  narrow  when  compared 
with  the  continuous  wavelength  coverage  (from  430  to  550  nm)  offered  by  coumarin  dyes. 
Thus,  the  wide  tunability  advantage  of  dye  lasers  is  made  obvious.  To  this  strength  one 
should  indicate  the  immediate  assumed  weakness:  the  short  lifetime  of  the  dye.  This  is 
certainly  an  area  in  need  of  fundamental  research  and  more  will  be  said  later. 

Now,  I  will  focus  on  one  aspect  of  dye  lasers  which  has  experienced  significant 
advances  in  the  last  few  years:  linewidth  narrowing.  Since  the  introduction  of  the  dye 
laser  by  Sorokin  and  Lankard  in  1966^  and  until  about  1972,  dye  lasers  were  known  mainly 
as  a  source  of  tunable-broadband  radiation,  it  was  not  until  1972  that  a  most  fundamental 
laser  characteristic,  namely  narrow-linewidth  oscillation,  was  demonstrated  by  Hansch.2 
The  development  of  the  telescopic  dye  laser  was  followed  by  the  introduction  of  the 
grazing-incidence  grating  technique  and  multiple-prism  grating  oscillators.  In  the  Table 
we  provide  a  summary  of  the  performance  of  the  different  oscillators. 


These  dispersive  techniques  have  been  utilized  to  provide  narrow-linewidth  and 
single-longitudinal-mode  oscillation  at  reasonable  efficiencies  and  low  ASE  levels  (<10~5 
to  <10~7).  Moreover,  in  the  case  of  high-prf  copper-laser-pumped  MPL  and  HMPGI 
oscillators  extremely  stable  single-longitudinal-mode  lasing  has  been  reported  and 
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Table 


Cavity  Type 

Linewidth 

%  Eff. 

Pump  Source 

Reference 

Telescope 

2.5  GHz 

300  MHz' 

20 

2-4 

n2 

T.  W.  Hansch, 

Appl.  Opt.  11,  895  (1972) 

MPL 

1.6  GHz 

14 

n2 

F.  J.  Duarte  and  J.  A.  Piper, 

Opt.  Commun.  35,  100  (1980) 

Grazing- 

Incidence 

1.25  GHz 

4 

Nd: YAG  (2nd) 

M.  G.  Littman  and  H.  J.  Metcalf 
Appl.  Opt.  17,  2224  (1978) 

150  MHz 

3 

Nd: YAG  (2nd) 

M.  G.  Littman, 

Appl.  Opt.  23,  4465  (1984) 

HMPGI 

1.15  GHz 

7-10 

n2 

F.  J.  Duarte  and  J.  A.  Piper, 

Appl.  Opt.  20,  2113  (1981) 

MPL 

60  MHzf 

5 

Copper 

A.  F.  Bernhardt  and  P.  Rasmussen 
Appl.  Phys.  B  26,  141  (1981) 

HMPGI 

400  MHz 

4-5 

Copper 

F.  J.  Duarte  and  J.  A.  Piper, 

Appl.  Opt.  23,  1391  (1984) 

MPL 

375  MHz 

Flashlamp 

F.  J.  Duarte  and  R.  W.  Conrad 

Appl.  Opt.  26,  2567  (1987) 

^Incorporates  intracavity  etalon. 

MPL  (Multiple-Prism  Littrow) 

HMPGI  (Hybrid  Multiple-Prism  Grazing  Incidence) 

documented  utilizing  interf erograms  resulting  from  the  integration  of  several  million 
laser  pulses. 

The  success  of  these  techniques  has  been  demonstrated  by  their  adoption  to  other 
laser  systems  such  as  TEA  C02  lasers,  excimer  lasers,  and  solid  state  lasers.  A  parallel 
development  has  been  the  theory  of  beam  divergence  and  intracavity  dispersion.  A 
particularly  successful  effort  has  been  the  understanding  of  multiple-prism  dispersion. 3-7 
This  theory  has  been  extended  to  other  laser  and  electro-optic  applications. 

The  development  of  linewidth  narrowing  techniques  has  been  supported  by  the  advance 
of  wavelength  tuning  methods.  Here,  a  comprehensive  number  of  alternatives  include 
piezoelectric  displacement  of  gratings,  etalons,  and  mirrors  and  pressure  tuning.  This 
field  has  seen  the  development  of  sophisticated  electronic  control  systems  and  the 
implementation  of  ingenious  physical  schemes  to  achieve  synchronous  tuning. 

In  this  area  it  should  also  be  mentioned  that  several  studies  on  thermal  effects  (see 
Refs.  8  and  9)  have  provided  insight  on  design  constraints  for  stable  long  term  operation. 
Also,  recent  studies  on  linewidth  instabilities  in  multimode  lasers  have  been  done  by 
Westling  and  Raymer10  and  Berik  and  Davidenko.11  Linewidth  instabilities  in  double- 
longitudinal-mode  flash lamp-pumped  dye  laser  oscillators  have  been  reported  by  Duarte  and 
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Conrad1^  and  Duarte  et  al.1^  These  studies  provide  valuable  information  toward  the 
physical  understanding  of  this  phenomena  which  may  lead  to  its  eventual  neutralization. 

Now,  let  me  return  to  the  question  of  dye  lifetime.  Undoubtedly,  this  is  a  difficult 
problem  which,  if  solved,  could  provide  a  significant  advance  in  dye  lasers 
(Dr.  Pavlopoulos  will  discuss  this  later).  At  present  we  have  seen  that  there  are  some 
very  effective  alternatives  in  prolonging  dye  lifetime.  First,  we  must  ask  the  right 
question.  Here,  the  appropriate  selection  of  pump  sources  is  important.  For  instance, 
direct  excitation  of  the  first  singlet  state  not  only  improves  efficiency  but  also  makes 
the  dye  last  longer.  Our  experience  with  high-prf  copper- laser-pumped  dye  lasers 
indicates  that  the  lifetime  of  rhodamine  dyes  is  vastly  superior  for  this  type  of 
excitation  than  for  UV  excitation  involving  higher  singlet  states.  Next,  it  appears  that 
the  production  of  dyes  with  a  higher  degree  of  purity  also  helps  as  our  recent  experience 
at  Eastman  Kodak  suggests.  Here,  I  refer  to  coumarin  314  T  which  has  been  found  to 
provide  up  to  50%  more  output  than  the  parent  compound  under  excimer-laser  excitation  and 
to  offer  a  X  2  lifetime  extension  under  flashlamp  pumping.  Also,  recent  work  by  Everett 
and  Zollars-'-4  has  demonstrated  the  effective  use  of  dye  purification  systems  that  allow 
extended  periods  of  operation  under  f lashlamp-excitation. 

A  more  fundamental  question  in  need  of  attention  is  related  to  the  excitation 
dynamics  of  pulsed  dye  lasers.  Here  we  are  in  need  of  good  workable  and  practical  time 
dependent  semi-classical  and  quantum  models. 

Let  me  conclude  by  reiterating  that  although  dye  lasers  have  proven  to  be  a  reliable 
and  extremely  versatile  workhorse,  a  lot  remains  to  be  done.  We  should  try  to  get  this 
message  across  to  government  and  industry  so  that  an  adequate  level  of  dye  laser  research 
and  development  can  be  maintained  in  this  country. 


Dr.  Aidag: 


i  ;•  a  :  '.ensure  to  be  part  of  this  distinguished  panel,  but  I  believe  we  also 

have  a  distinguished  audience.  I  see  a  lot  of  familiar  faces  in  the  audience  from  the 
laser  community.  I  will  be  concentrating  on  addressing  some  of  the  issues  that  Frank 
Duarte  pointed  out  in  his  opening  remarks  in  terms  of  the  f lashlamp-pumped  dye  lasers  that 
we  have  been  wonting  on  at  the  Avco  Research  Lab.  We  actually  got  into  the  dye  laser 
business  some  17  years  ago  with  laser-pumped  lasers  using  our  Model  C950  nitrogen  laser 
pumping  a  small  "Dial-A-Line"  dye  cassette.  We  still  do  some  laser-pumped  laser  work,  but 
we  have  become  known  for  f lash  lamp-pumped  dye  laser  work  and  it  is  this  area  on  which  I 
will  concentrate. 

The  demonstrated  advantages  that  we  see,  some  very  obvious,  include  wavelength 
agility;  being  able  to  tune  to  a  particular  wavelength  either  broadband  or  narrowband. 
Wavelength  diversity,  is  met  by  a  whole  spectrum  of  dyes  available  from  the  near  UV  to  the 
near  IR.  High  energy,  has  been  demonstrated  at  Avco  with  an  output  of  7  J  per  pulsed  with 
1%  efficiency^  and  we're  working  on  a  system  to  yield  100  J  per  pulse.  The  Russians  have 
published  a  paper  yielding  400  J  per  pulse, but  I  don't  recall  there  being  any  rep  rate 
involved  in  that  particular  situation.  High  Average  Power  was  demonstrated  at  Avco  at 
1.2  J  and  850  Hz  -  that  gives  us  an  average  power  in  excess  of  1  kilowatt.  That,  I  think, 
would  qualify  as  a  high  average  power  dye  laser.  There  is  no  reason  why  higher  energy 
pulsed  devices  cannot  be  operated  at  pulse  rates  from  10  to  100  Hz,  so  the  opportunity  in 
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very  high  average  power  dye  lasers  exist  and  will  probably  be  demonstrated  in  the  very 
near  future.  One  of  the  real  selling  features  of  the  f lashlamp-pumped  dye  laser  is  the 
fact  that  for  many  applications  you  can  demonstrate  the  performance  that  is  required  with 
a  single  laser  head.  Therefore  without  an  amplifier,  without  frequency  doubling,  and 
without  Raman  shifting,  you  end  up  with  a  very  compact  system  and  very  high  system 
efficiency.  Finally,  there  is  a  scheme  for  replenishing  the  dye  system,  a  system  that  we 
devised  at  Avco  which  we  call  a  f’lter  and  feed  system  on  which  I'll  make  some  comments  on 
near  the  end  of  my  talk. 

Flashlamp-pumped  dye  lasers  were  used  in  the  laser  isotope  separation  program  at  Avco 
that  went  on  for  about  10  years.  Four  of  these  flashlamp-pumped  dye  lasers  were  used  and 
the  beams  were  combined  with  a  couple  of  dicnroic  mirrors  and  then  sent  to  an  adjacent 
room  where  we  had  the  atomic  uranium  vapor  separation  apparatus.  These  units  operated  at 
30  Hz  for  12  hours  a  day,  for  periods  of  years,  demonstrating  the  extreme  reliability  and 
ruggedness  of  the  flashlamp-pumped  dye  laser.  The  flashlamp-pumped  dye  laser  was  actually 
the  ring  oscillator  of  a  very  narrow  bandwidth  system.  We  used  a  frequency  doubled  YAG 
laser  pumping  a  dye  cell  and  it  is  this  low  power  dye  cell  which  was  tuned  and  narrowed 
with  gratings  and  etalons  and  then  fed  into  the  flashlamp-pumped  dye  laser  ring  to  give  us 
the  tuning  capability  needed.  This  type  of  injection  locked  tuning  is  certainly  one  way 
to  get  around  having  damage  problems  trying  to  build  a  tuned  power  oscillator  at  very  high 
average  powers.  The  flashlamp  pumped  dye  laser  that  was  used  during  this  program,  and  for 
many  other  programs,  is  what  we  call  a  MX  V.  It’s  a  transverse  flow  design.  The  flow 
comes-in  and  goes  through  some  flow  straighteners  and  then  goes  through  a  specially 
designed  nozzle  with  cooling  ports  through  the  pump  region,  out  through  an  exit  nozzle  and 
to  an  exit  plenum  and  through  a  porous  wall  to  isolate  any  downstream  turbulence  coming 
back  into  the  pump  region.  Pumping  is  done  with  two  elliptical  reflectors.  This  type  of 
configuration,  where  you're  pumping  a  very  small  slug  of  dye,  is  ideal  for  applications 
requiring  high  rep  rates  in  order  to  minimize  the  flow  requirements.  The  pulse  width  of 
these  devices  were  a  nominal  1-2  microseconds.  In  one  case  we  were  using  a  blue  green 
laser  dye  and  some  integrating  optics  to  demonstrate  a  uniform  field.  It  was  in  this 
device  that  we  added  a  converter  dye15  (Stilbene  420)  to  the  flashlamp  cooling  jacket  in 
order  to  demonstrate  7  J  output  with  1%  efficiency.  For  higher  energy  pulsed  systems 
you  have  to  design  a  device  which  has  a  larger  volume  of  dye  which  is  being  pumped.  For 
this  we  use  a  multi-lamp  non-imaging  system  that  we  have  developed  at  Avco.  With  this 
unit  we  have  obtained  much  higher  energies.  As  we  outlined  in  our  talk  yesterday ,  -*-7  we 
use  a  slab  geometry  configuration  with  a  multi-channel  dye  cell  approach.  The  center 
channel  being  for  the  lasing  dye,  the  outer  two  cells  being  for  the  converter  dye.  In 
this  case  we  have  a  more  efficient  collection  of  the  converter  photons  for  pumping  the 
laser  dye.  In  addition,  when  we  use  the  multi-lamp  non-imaging  configuration  we  improve 
our  pump  efficiency  over  the  elliptical  pump  efficiency  of  the  MK  V  by  a  factor  of  1.6. 

So  when  we  combine  these  two  we  expect  to  improve  the  dye  laser  efficiency  from  1%  that 
we've  demonstrated  to  1.5%. 

We  have  also  demonstrated  that  the  solvent  can  be  recovered  from  these  systems. 

There  are  two  methods  that  we  commonly  use  in  the  laboratory  for  recycling  our  solvent. 

The  batch  method  is  to  have  a  large  enough  system  to  contain  enough  dye  and  dye  solvent  to 
meet  our  experimental  requirement.  We  have  a  built-in  dye  system  in  our  laboratory  and  we 
have  a  number  of  55  gallon  drums  that  we  use  for  our  different  dyes.  A  more  economical 
approach  is  to  use  a  dye  replenishment  system  where  we  constantly  take  out  some  of  the  dye 
solution  containing  good  dye,  bad  dye,  photo  degradation  products;  filter  all  of  it  out 
with  a  charcoal  filter,  put  the  clean  solvent  back  into  the  system,  but  meter-in  an 
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appropriate  amount  of  dye  concentrate  to  maintain  the  dye  concentration  of  the  dye  laser 
device.  In  this  type  of  system  you  do  not  operate  at  the  optimum  dye  performance  point. 
You  have  to  select  the  90%  point  or  80%  point  depending  on  how  small  you  want  to  make 
everything.  As  an  example  of  the  sizes  involved,  I  will  give  you  a  comparison  of  the 
batch  and  the  filter  and  feed  systems  for  a  system  that  has  a  mission  requirement  of  104 
pulses  and  a  dye  life  of  10^  J  per  liter  to  the  90%  point.  In  this  particular  system  625 
liters  will  be  needed  to  maintain  that  performance  with  the  batch  method.  In  a  filter  and 
feed  system  the  requirement  is  to  have  enough  dye  to  meet  your  mission  requirement,  which 
in  this  case  would  be  30  grams  of  dye.  Your  volume  is  now  dependent  on  the  dye  solubility 
in  the  particular  solvent.  In  this  case,  the  30  grams  required  only  3  liters  of  solvent, 
together  with  the  laser  volume  of  20  liters.  Only  23  liters  are  needed  compared  to  625 
liters.  If  we  were  to  increase  the  mission  requirement  by  a  factor  of  10,  you  see  that 
the  volume  required  with  batch  approach  increases  by  a  factor  of  10.  With  the 
replenishment  approach  the  3  liters  would  become  30  liters  and  we  have  only  53  liters 
required  for  the  program. 

With  this,  I  think  I  should  close  my  remarks,  but  I  will  be  glad  to  answer  questions 
later. 


Dr .  Everett : 

My  recent  experience  is  mostly  the  flashlamp  pumped  dye  lasers.  For  these  lasers 
"high  power"  means  more  than  100  W  average.  Such  lasers  are  usually  less  than  1% 
efficient,  meaning  power  inputs  of  at  least  10  kW,  and  probably  much  more.  I  will 
describe  one  such  system  now  being  installed  by  MIT  Lincoln  Laboratory  to  conduct 
experiments.  It  will  have  6  independent  laser  beams,  each  with  over  5  J  per  pulse,  10 
pps,  in  2-ms  pulses.  Only  two  of  the  laser  heads  have  as  yet  been  installed,  to  make  up 
one  beam.  There  will  be  12  heads,  2  per  beam,  to  provide  more  than  300  W  total.  The  new 
heads  will  be  added  above  the  existing  ones,  inside  an  emi  box. 

The  laser  heads  are  among  the  small  items.  We  have  the  fluid  piping,  and  the 

modulators,  which  consist  mostly  of  capacitors  that  store  the  charge  for  dumping  into  the 
flashlamps.  There  will  be  12  of  these  modulators. 

The  system  was  developed  for  a  flammable  dye  solvent.  Recently  we  found  we  could  use 
a  non-flammable  solvent  of  acetamide  in  water.  The  engineering  would  have  been  simpler  if 
we  had  dome  so  earlier.  The  lasers  will  dissipate  1/4  MW,  running  a  10-minute  bursts. 

The  cooling  system  pumps  water  through  the  laser  heads,  and  extracts  the  heat  to  store 
temporarily  in  a  10,000-gallon  underground  tank.  The  dye  handling  system  pumps  360  gpm, 
and  will  recycle  the  dye  solution  in  real  time.  The  degradation  products  and 
unfortunately  the  dye  also,  are  taken  out  of  the  solution  with  carbon,  as  necessary,  and 
fresh  dye  added,  all  within  the  4-minute  round-trip  time  of  the  system.  The  optical 
analyzers  are  essential  for  measuring  the  degradation  and  the  dye  content  for  control  of 
the  process. 

The  pictures  shown  give  an  idea  of  the  scale  involved  in  fielding  such  a  laser  using 
present-day  technology.  We  are  learning  how  to  do  it  smaller  and  simpler  if  we  had  to  do 
it  again.  The  overall  efficiency  is  only  about  1/10  of  1%.  Because  of  the  time-table,  we 
had  to  use  brute-force  engineering.  There  are  ways  available  for  increasing  the 
efficiency,  perhaps  10-fold,  which  could  be  retro-fitted  if  more  energy  is  needed  for  the 
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experiments.  I  will  mention  these  later.  They  would  result  in  a  much  more  powerful  laser 
in  the  same  space  and  with  the  same  power  consumption.  I  will  now  address  some  of  the 
factors  associated  with  such  systems. 

1.  Spectral  tuning  for  high  power  systems: 

These  systems  typically  work  near  the  damage  limit  of  the  optics.  Birefringent 
filters  and  uncoated  etalons  are  generally  good  for  frequency  control,  because  they  stand 
high  power,  have  low  loss,  and  can  generally  be  inserted  or  removed  without  upsetting 
alignment.  Prisms  tend  to  detune  as  they  warm  up  from  absorbed  power.  Gratings  tend  to 
burn  up.  A  single  birefringent  filter  is  useful  for  obtaining  bandwidths  between  0.1  and 
1  nm.  Narrower  bandwidths  are  obtained  by  adding  thicker  birefringent  filters  or  solid 
etalons.  Both  can  be  readily  tuned  by  mechanical  rotation.  With  multiple  elements,  gang 
tuning  is  required  which  adds  complexity.  Each  successive  element  gives  about  another  7- 
fold  narrowing,  with  perhaps  7%  loss  in  energy.  At  very  narrow  bandwidths  (MHz  or  less) 
the  loss  tends  to  increase  more  rapidly,  probably  due  to  incomplete  spectral  homogeneity 
of  the  dye. 

Another  approach  is  to  control  the  bandwidth  with  a  low-power  oscillator  and  then 
amplify  to  reach  high  power.  Then  any  frequency  selective  technique  will  do  because  its 
efficiency  no  longer  matters.  But  the  multiple  stages  make  for  a  complex  system.  An  "in- 
between"  approach  is  to  inject  a  large  oscillator  with  a  low-power  signal  of  the  desired 
bandwidth  to  force  its  oscillation.  In  general  the  feedback  swamps  any  further  injection 
after  the  initial  tickler.  The  question  then  is  how  long  does  the  spectrum  stay  locked  to 
the  injection?  The  locking  can  certainly  last  for  microseconds  after  injection  of  a  50  ns 
pulse  at  the  crucial  time.  However,  it  has  been  found  that  the  locking  is  lost  faster  for 
very  narrow  injected  bandwidths  (MHz  or  less).  A  multi-pass  amplifier  can  be  formed  from 
an  unstable  resonator  with  a  small  hole  through  the  center  of  one  of  the  mirrors.  A  low- 
power  controlled-bandwidth  signal  is  introduced  through  the  hole  and  amplified  by  many 
passes  as  it  expands  in  the  so-called  resonator.  These  devices  have  sometimes  been  called 
injection  locked  oscillators,  but  their  performance  is  better  understood  as  multi-pass 
amplifiers.  The  input  must  be  sustained  throughout  the  pulse  unless  the  hole  is  very 
small.  When  the  hole  gets  smaller  than  the  diffraction-limited  core  it  evolves  into  an 
injection-locked  oscillator,  and  the  analysis  becomes  complicated. 

2.  Beam  quality: 

Flashlamp-pumped  dye  lasers  tend  to  have  relatively  poor  beam  quality,  because  of 
aberrations  in  the  medium.  This  gets  worse  when  high  power  is  required.  The  medium  needs 
to  be  flushed  out  between  pulses.  There  is  hope  that  phase  conjugation  will  help. 

However,  the  typical  distortions  generally  seem  to  contain  quite  high  spatial  frequencies, 
leading  to  the  so-called  "fried  egg"  nature  of  the  far-field.  This  might  have  half  the 
energy  in  a  blob  of  about  15  lambda/D  and  the  rest  in  a  broad,  background.  But  even  if  the 
phase  conjugation  were  to  catch  only  half  of  the  energy  and  put  it  into  a  tight  beam,  then 
this  would  be  useful.  The  Raman  approach  may  become  useful  for  cleaning  up  a  beam  after 
it  is  generated. 

3.  Laser-pumping  vs  flashlamp  pumping: 

When  pumping  with  a  flashlamp,  the  size  of  the  dye-cell  must  approximately  match  the 
lamp  for  good  coupling.  With  lamp-pumping  the  power  density  is  generally  far  below 
optimum.  With  a  laser-pump  a  much  small  cell  can  be  used,  with  greater  efficiency  because 
of  the  higher  power  density,  which  in  turn  reduces  the  heat  budget.  These  factors  also 
make  for  better  beam  quality.  The  laser-pump  does  not  require  good  beam  quality,  and 
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multiple  laser  pumps  can  be  multiplexed  into  a  single  dye  cell.  Laser-pumped  lasers  show 
a  lot  of  further  potential.  For  instance,  at  this  conference  last  year,  Avco  Textron 
described  a  laser-pumped  laser  which  achieved  excellent  beam  quality  by  supersonically 
scanning  the  lasing  beam  through  the  medium  during  an  extended  pulse.  Excimer  and  copper 
vapor  lasers  make  very  good  pumps.  I  will  not  enlarge  on  them  because  there  are  others 
here  much  more  expert  than  I. 

4.  Efficiency  and  scaling: 

Given  a  good  dye,  the  efficiency  is  usually  limited  by  how  hard  it  can  be  pumped. 

With  flashlamp  pumping  the  source  is  the  limiting  factor,  and  even  1%  efficiency  is  hard 
to  achieve.  Spectral  enhancement  shifts  unused  light  to  the  useful  pumping  spectrum  and 
thus  improves  efficiency.  There  is  still  a  lot  of  unrealized  potential  for  this  approach. 
With  laser  excitation,  damage  to  the  medium  or  to  the  optics  is  generally  the  limiting 
factor,  and  more  than  30%  efficiency  can  be  achieved  within  these  limits.  But  the 
efficiency  of  the  laser  pump  should  also  be  considered. 

The  dominating  parts  of  typical  flashlamp  pumped  dye  lasers  are  the  power  supplies 
and  fluid-handling  systems.  This  is  because  the  supplies  must  typically  provide  at  least 
100  times  the  output  of  the  laser  (1000  times  in  the  case  of  the  example).  Nearly  all 
this  power  becomes  heat  within  the  laser  head,  and  must  be  carried  away  in  the  fluids.  So 

scaling  is  dominated  by  the  supplies  and  fluid  handling  systems. 

5.  Dye  lifetime: 

Dye  lifetime  has  been  considered  important  and  much  research  has  gone  to  improving 
it.  However,  cost  of  dye  gets  less  as  more  is  used,  down  to  small  numbers  of  dollars  per 

gm.  But  the  solvent  remains  expensive  to  buy,  and  often  more  to  get  rid  of.  Fortunately, 

very  crude  technology  will  get  everything  out  of  the  solvent  so  new  dye  can  be  added  for  a 
fresh  start.  When  dye  degrades,  it  is  typically  from  a  very  small  fraction  of  the  dye 
turning  into  a  substance  that  absorbs  at  the  lasing  wavelength,  thus  destroying  the  laser 
output.  We  would  like  to  take  out  only  the  contaminant  and  leave  the  good  dye.  As  yet, 
there  seems  no  practical  process  for  doing  this,  but  fortunately  we  can  afford  to  throw 
away  the  dye.  Real-time  cleaning  systems  using  carbon  (as  used  in  water  processing) 
economically  take  everything  out  except  the  solvent.  The  equipment  to  renew  the  dye 
solution  is  a  relatively  small  add-on  to  a  typical  high-power  laser  system.  It  pays  for 
itself  anyway  in  getting  the  initial  crud  out  of  the  system  and  in  allowing  use  of  cheaper 
grades  of  solvent. 

Once  committed  to  dye  solution  recycling,  the  most  efficient  dye  and  solvent  can  be 
chosen  regardless  of  dye  life-time.  This  may  for  instance  allow  use  of  a  non-flammable 
solvent.  Safety  Officers  provide  a  strong  inducement  to  use  a  non-flammable  solvent  for 
any  big  dye  laser  system,  especially  if  the  dye  is  pumped  by  flashlamps. 

rt  is  good  practice  to  have  an  optical  analyzer  in  the  dye-loop  to  maintain  a 
continuous  check  of  the  absorption  near  the  lasing  wavelength.  It  must  have  a  path-length 
about  as  long  as  the  laser  to  allow  recognition  of  losses  that  can  do  significant  harm 
(i.e.  less  than  a  few  percent  loss  per  pass  of  the  laser).  This  can  often  save  the 
worrisome  question,  "why  isn’t  the  laser  lasing  today?" 

6.  Ruggedness  and  reliability: 

The  lamps  are  usually  considered  the  most  fragile  component  of  a  flashlamp  pumped  dye 
laser  system.  Most  breakage  of  lamps  occurs  in  shipping,  and  in  installation.  Once 
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safely  in  place  in  a  well-designed  laser  they  tend  not  to  break. 


For  specially  demanding  applications  "end  cap"  seals  are  more  rugged  than  other 
varieties,  and  some  lateral  support  might  have  to  be  engineered  if  the  lamps  are  long  and 
skinny.  However,  the  coolant  usually  gives  some  cushioning  effect. 

7.  Fragility  of  the  technology  to  competing  approaches: 

This  is  always  a  concern  in  any  developing  field.  There  is  a  strong  desire  to 
develop  solid-state  lasers,  pumped  with  solid-state  diodes.  Present  approaches  work  best 
in  the  near  infrared,  so  for  the  near  future  the  visible  will  be  reached  by  frequency 
doubling  or  mixing.  Dye  lasers  will  probably  have  an  economic  advantage  for  some  time, 
especially  considering  the  exotic  materials  involved  in  the  potential  alternatives.  There 
is  something  to  be  said  for  a  medium  which  is  self-healing  and  readily  replaceable,  with 
easy  tuning. 

8.  Dye  laser  research  in  the  U.  S.:  Are  we  doing  enough? 

The  U.  S.  research  seems  very  haphazard.  Thank  heavens  for  some  small  companies  that 
have  been  willing  to  operate  on  shoe  strings  while  hoping  for  a  bright  future. 

Fortunately  some  are  now  being  rewarded  in  the  medical  field,  but  the  medical  field  has  no 
urge  toward  powerful  systems.  The  bigger  dye  laser  technology  that  I  am  most  aware  of  was 
developed  by  industry  with  the  mistaken  notion  that  it  would  pay  off  in  uranium 
enrichment.  One  might  say  that  a  lot  of  our  dye  laser  technology  has  come  about  by 
mistake.  This  isotope  effort  is  now  being  pursued  in  National  Laboratories,  and  we  hope 
their  experience  will  be  better. 


Dr.  Tallman: 

My  background  is  of  35  years  of  engineering,  last  18  in  laser  development.  I  am  a 
generalist,  with  depth  in  EE,  material  science,  excimer  lasers,  etc.  Specifically,  I  have 
been  recently  responsible  for  a  large  high  power  dye  laser  system.  The  following  comments 
are  concerns  in  the  design,  operation  of  this  system. 

We  employ  a  XeCl  Excimer  (308  nm)  transverse  pumped  dye  laser  using  Lambda  Physik 
EMG203  MSC  pump  lasers.  The  dye  laser  was  designed  by  LANL  and  consisted  of  a  MOPA 
configuration  which  initially  was  one  oscillator  and  two  dye  amplifiers  and  as  the  system 
became  optimized  we  were  able  to  eliminate  the  second  amplifier  and  finally,  were 
successful  in  developing  a  single  high  power  oscillator  that  met  our  requirement.  We  used 
Lambda  Physik's  TBS  dye  in  Dioxane  and  successfully  operated  this  system  for  over  a  year 
without  major  problems;  however,  there  was  considerable  effort  placed  in  the  safety 
concerns  in  the  handling  of  large  quantities  of  these  flammable  and  toxic  materials. 

Briefly,  I  would  like  to  identify  the  topics  of  concern  and  areas  of  study  and 
experience  we  had  in  this  laser  system: 

I.  CONTAMINATION  AND  SYSTEM  CHEMISTRY: 

A.  Dye  and  solvent  contamination 

1)  As  received  dye.  Quality  control  in  purity? 
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2)  As  received  solvent.  What  are  the  contaminants?  What  kinds  of  contaminants  are 
sources  of  performance  degradation?  What  do  you  do  to  remove  materials  such  as 
particulates,  cotton  fibers  from  filters,  water,  other. 

B.  Dye  solubility 

1)  How  do  you  prevent  undissolved  dye  particles  from  depositing  on  the  windows, 
with  resultant  window  damage? 

C.  Pre-filtering,  processing  vs  in-system  filtering. 

1)  What  filers  can  you  use?  Cotton  produces  particulates.  Teflon?  How  stable  is 
the  filter  material  with  the  solvent  and  dye  and  the  products  it's  collecting? 

D.  Reaction  of  the  solvent  with  the  plumbing,  pumps,  filters,  seals,  "0"  rings.  How 
clean  is  your  plumbing  o  start  with?  What  process  should  you  use  initially.  How  do 
you  flush  and  clean  this  system  after  it's  been  down  and  opened? 

E.  Effects  of  photochemistry  in  producing  absorbers,  chemical  contaminants  forming  from 
the  solvent  and  dye.  Non-linear  effects  in  the  dye  laser  performance.  Dye  and 
solvent  clean  up  systems.  Metering  in  new  dye  to  replace  the  chemically  disabled 
dye,  removal  of  absorbers.  Dye  stability  considerations. 

F.  Film  deposits  on  the  windows,  reducing  the  transmission  of  laser  pump  and  lasing 
beams.  Lowering  of  the  threshold  of  damage  in  window.  Removal  of  film  deposits. 

G.  Dissolved  air,  in  the  solvent  and  its  effect  on  the  photochemistry  of  the  solvent  and 
dye  stability  under  intense  UV  pumping. 

II.  OPTICAL  MATERIALS: 

A.  Damage  threshold  for  high  grade  quartz,  and  MgF2,  the  effect  of  solvents  on  this 

threshold  and  surface  photochemistry.  Flow  design  effects,  boundary  layer  thickness 

vs  turbulence  scrubbing  (static  vs  flow  damage  threshold).  Clearing  ratio  effects. 

B.  Photoproducts  chemically  attacking  the  optical  surfaces. 

C.  Excimer  laser  beam  uniformity  considerations.  Hot  spots  in  the  pump  beam.  Peak  vs 

average  fluence.  The  use  of  pump  beam  homogenizers. 


III.  SAFETY  CONSIDERATIONS: 

A.  Fire 

1)  We  were  handling  as  much  as  90  liters  of  dioxane  in  the  laser  system.  This 
included  the  reservoir  and  plumbing  system.  A  small  leak  in  this  system 
operating  at  60  psig  with  60  gallons/min  (4  liters/sec)  presents  a  serious  fire 
potential.  Vapor  leak  detectors,  alarms,  pressure,  flow  sensing.  Ventilation 
system. 
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2)  What  do  you  do  when  you  must  disassemble  the  dye  cell?  How  do  you  vent  the 
system  safely?  How  do  you  fill  and  drain  the  system  safely? 

3)  What  if  there  is  a  leak  and  it  flows  on  and  into  the  large  optical  table  with 
its  1/4-20  holes  every  inch.  (We  filled  every  hole  with  epoxy.) 

4)  Can  a  stray  beam  or  beam  stop  provide  sufficient  energy  to  ignite  the  solvent 
vapors  that  might  be  at  the  cell? 

5)  At  high  flow  rates  dielectric  fluids  can  generate  very  high  voltages  when 
flowing  in  dielectric  materials.  We  had  sparks  jumping  from  Kynar  plumbing  and 
Kynar  filter  housings.  Repeated  sparking  will  produce  a  hole,  and  now  you  have 
the  three  necessary  items  for  a  fire;  an  ignition  source,  fuel  and  oxidizer  if 
there  is  a  leak  to  the  room  air.  Threading  a  grounded  wire  down  the  plastic 
tubing  is  one  solution,  but  be  sure  its  grounded.  We  saw  sparks  flying  all  over 
a  Kynar  filter  housing  even  though  the  tie  bolts  were  all  wired  to  ground. 

B.  Toxicity 

1)  Dioxane  is  carcinogenic.  It  enters  the  body  by  oral  and  dermal  routes.  Eye 
effects,  lungs.  Repeated  exposure  to  low  concentrations  has  resulted  in  human 
fatalities.  Organ  chiefly  affected  are  the  liver  and  kidneys.  Death  results 
from  acute  hemorrhagic  nephritis.  What  protection  do  you  use?  Gloves, 
respirators,  remote  fill  and  drain. 

2)  Most  dyes  have  not  been  fully  analyzed  for  their  health  hazards.  Should  be 
treated  as  carcinogenic. 

IV.  EXCIMER  LASER  RELIABILITY: 


A.  Factors  affecting  the  excimer  laser  run  time  at  acceptable  energy  levels: 


1)  Gas  Depletion  of  the  halogen  due  to  reaction  with  the  metallic  parts  such  as  the 
discharge  electrodes. 

2)  Buildup  of  absorbers,  chemistry  with  organic  internal  components. 

3)  Deposits  on  the  excimer  laser  windows.  Products  from  reaction  with  the  metal 
and  organic  internal  components.  The  use  of  valves  at  the  window  for  window 
removal  without  contamination  of  the  rest  of  the  laser  with  moisture.  Window 
purging?  How  effective?  How  should  it  be  done. 

4)  Gas  clean  up  systems,  electrostatic  precipitators?  External  cryogenic  traps. 
What  contaminants  can  be  trapped,  what  about  the  alternative  of  hot  calcium  chip 
furnace  for  removal  of  contaminants.  How  reliably  can  one  inject  the  halogen. 

B.  Electrode  wear.  Pin  preionizer  electrode  wear.  Lifetime  of  electrodes,  bearing, 

etc. 
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C.  Industrial  laser  performance  specifications.  What  are  reasonable  expectations  in 
continuous  run  times?  What  are  the  expected  downtimes  and  operating  costs  in 
dollars/hour? 


Dr.  Paisner: 

Frank,  I  don't  know  if  we  have  the  largest  average  power  dye  laser  system  in  the 
world,  and  Henry's  laser  was  very  impressive,  especially  having  been  demonstrated  many 
years  ago.  However,  it  will  certainly  be  true  that  in  the  near  future  the  laser  at 
Livermore  will  be  the  largest  dye  laser  system  in  the  world.  We  have  currently  achieved 
performance  levels  of  900  W  average  power  in  a  multicolor  beam  and  600  W  in  a  single  color 
beam  at  repetition  rates  in  excess  of  4  kHz.  I'd  like  to  describe  the  context  of  our  dye 
laser  development  program.  In  particular  where  we  are  going  with  our  laser  system  and 
what  we  have  to  demonstrate.  The  laser  systems  are  being  developed  at  the  Lawrence 
Livermore  National  Laboratory  for  the  U.  S.  DOE  in  support  of  atomic  vapor  laser  isotope 
separation.  We  have  two  major  industrial  partners:  Martin  Marietta  Energy  Systems  in  Oak 
Ridge,  Tennessee,  in  our  uranium  isotope  separation  program  for  light  water  reactor  fuel 
and  Westinghouse  Idaho  Nuclear  Company,  WINCO,  in  Idaho  Falls  in  our  specialized  isotope 
separation  program.  The  latter  involves  enriching  plutonium  for  defense  applications. 

Uranium,  like  most  of  the  heavy  elements,  the  lanthanides  and  actinides,  for  example, 
has  an  ionization  potential  of  about  six  electron  volts.  Because  of  its  large  number  of 
optically  active  electrons,  it  has  a  plethora  of  energy  levels  in  the  visible.  Therefore, 
a  three-step  photoionization  scheme  which  uses  tunable  dye  light  in  the  red  is  a  viable 
option.  Additionally,  a  resonant  multistep  photoionization  process  requires  short  pulse 
lasers  because  the  energy  levels  in  the  excitation  process  have  relatively  short 
lifetimes,  perhaps  100  nanoseconds  to  several  microseconds.  So  two  of  the  requirements  of 

the  laser  system  are  that  it  provides  short  pulse  radiation  tunable  to  the  electronic 

transitions  of  interest.  In  order  to  guarantee  isotopic  selectivity,  the  process  laser 
system  has  to  be  spectrally  narrow  band.  Inadequate  spectral  resolution  simultaneously 
wastes  laser  energy  on  the  undesired  isotope  and  results  in  lower  enrichment  performance. 
Spectral  control  of  the  lasers  is  also  of  central  importance  to  process  design  to  maximize 
the  fraction  photoionized;  this  includes  addressing  every  magnetic  sublevel  of  every 
hyperfine  level  of  every  velocity  class  of  the  selected  atoms  in  vapor  flow.  Of  course, 
very  high  average  power  is  required  for  isotope  separation  at  an  industrial  scale.  The 
reason  for  this  is  quite  obvious.  For  example,  a  gaseous  diffusion  plant,  operating  at  10 

million  separative  work  units  per  year,  processes  12-1/2  kg  of  feed  and  produces  about  2 

million  kg  of  product.  That’s  a  lot  of  material.  Over  40  kW  of  tunable  power  is  required 
to  process  this  material.  You  can  prove  this  to  yourself  by  assuming  a  reasonable  photon 
utilization.  That's  a  pretty  awesome  amount  of  laser  power,  until  you  realize  that  such  a 
laser  isotope  separation  plant  produces  yearly  enough  fuel  for  100,  one  gigawatt,  nuclear 
power  plants.  So  there  is  a  tremendous  economic  leverage  in  a  laser  isotope  separation 
plant . 

A  critical  design  parameter  for  the  process  laser  system  is  beam  quality.  To 
efficiently  utilize  the  process  light,  the  laser  beams  must  propagate  through  very  long 
columns  of  vapor.  The  typical  beam  qualities  of  15-20  A/D  discussed  in  earlier 
presentations,  are  unacceptable  for  our  enrichment  applications.  Finally,  the  pulsed 
tunable  process  light  must  be  available  at  very  high  repetition  rates  to  address  all  the 
atoms  flowing  through  the  photozone.  Typically,  atoms  travel  at  many  hundreds  of  meters 
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per  second.  This  translates  into  many  tens  of  kilohertz  pulse  repetition  rates  for  a 
several  centimeter  photozone.  The  requirements  just  outlined  limit  the  search  for  a 
practical  system  for  laser  enrichment.  The  system  we  have  been  developing  over  the  last 
fifteen  years  is  a  copper  vapor  laser  pumped  dye  laser  system.  This  system  can  meet  all 
the  laser  requirements  for  isotope  separation  and  can  be  scaled  to  plant  performance 
levels.  Basically,  the  system  is  arranged  in  a  master  oscillator  power  amplifier 
configuration.  The  master  oscillator  in  the  copper  laser  system  is  an  injection  locked 
small  bore  oscillator  followed  by  three  large  bore  amplifiers.  The  copper  laser  emits  two 
wavelengths,  one  in  the  green  and  one  in  the  yellow.  Both  colors  are  well-suited  for 
pumping  dyes.  In  our  particular  system  each  amplifier  chain  operates  at  approximately 
4  kHz  pulse  repetition  rate  and  a  typical  output  power  of  500  to  700  W.  The  copper  light 
from  many  chains  can  be  multiplexed,  both  spatially  and  temporally,  to  provide  pump  light 
to  the  dye  system.  In  the  Laser  Demonstration  Facility  at  Livermore  we  can  accommodate 
ten  corridors  of  copper  laser  chains.  Each  corridor  contains  six  copper  laser  chains. 
Currently,  two  corridors  are  deployed,  containing  twelve  small  bore  oscillators  and  36 
large  bore  amplifiers.  Wnen  we  deployed  the  second  corridor,  we  actually  transferred 
first  corridor  lasers  to  the  second  corridor  and  replaced  them  with  new  laser  heads.  The 
facility  also  has  support  systems  to  refurbish  these  copper  lasers.  This  is  a  very 
important  activity  because  the  copper  laser  system  operates  24  hours  a  day,  seven  days  a 
week.  Corridor  one  was  first  assembled  in  1985  and  ran  for  two  years  in  full  operation. 
Since  each  copper  laser  chain  operates  at  500  to  700  W,  the  copper  corridors  typically  run 
at  between  3,000  and  4,000  W  each.  It  is  very  important  to  understand  that  system 
availability  is  essential  in  a  uranium  isotope  separation  plan.  40,000  W  of  tunable  light 
is  required  at  100  percent  availability.  Less  availability  requires  more  laser  hardware 
in  the  plant.  The  copper  lasers  have  been  designed  for  maximum  availability.  Each  laser 
amplifier  head  requires  480  power,  some  buffer  gas,  some  water  and  some  signal  cables  from 
a  supervisory  computer  system  to  operate.  All  other  functions  are  contained  within  the 
laser  enclosure.  Each  head  is  composed  of  several  components  called  line  replaceable 
units.  A  failed  laser  head  is  replaced  on  the  wall.  The  failed  component  is  replaced  and 
sent  to  repair.  The  laser  is  then  readied  for  service  at  an  off-line  test  stand.  Over 
the  last  several  years  the  copper  laser  system  has  accumulated  500,000  hours  of  operating 
time.  It's  really  a  plant-like  setting.  I'll  quickly  go  through  the  dye  laser  system  in 
the  next  few  minutes.  There  are  a  number  of  conventional  facilities  that  support  the  dye 
laser  system.  A  very  large  reservoir  of  dye  is  needed.  Fortunately  the  dyes  used  are 
very  stable  under  copper-laser  excitation.  As  in  the  copper  laser  system,  the  dye  system 
employs  a  master  oscillator  followed  by  several  power  amplifiers.  The  dye  corridor  shown 
in  this  viewgraph  contains  four  dye  laser  chains.  Although  each  dye  laser  chain  layout  is 
straightforward,  the  optical  system  is  fairly  complex  as  illustrated  in  this  viewgraph. 

The  amplifiers  in  this  photograph  are  barely  discernible.  The  web  of  mechanical  and 
optical  hardware  handles  the  delivery  of  the  copper  laser  pump  power.  In  the  optical 
system  that  we  have  deployed  there  are  over  2,600  optical  components.  Optics  and  optical 
system  design  are  key  development  areas  in  our  program.  We  have  mounted  a  major  effort 
with  qualified  commercial  vendors  in  the  community  to  produce  high  quality,  low  loss 
coatings  and  substrates.  I'll  end  by  saying  that  unlike  the  dye  laser  system  on  Maui  that 
is  sent  upwards  to  the  heavens,  the  beam  from  our  Laser  Development  Facility  follows  a 
more  earthly  route  to  other  sites  at  Livermore.  However,  generating  and  sending 
spectrally  tailored,  temporal  and  spatially  formatted  high  average  power  light  over  two 
kilometers  to  enrichment  facilities  at  Livermore,  as  indicated  in  this  aerial  viewgraph, 
has  been  a  challenge  for  our  scientists  and  engineers.  Over  the  next  few  years,  the  laser 
system  at  Livermore  will  be  basically  doubled  in  power  with  the  deployment  of  the  second 
copper  corridor. 
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Dr.  Pavlopoulos: 


Since  the  first  observation  of  laser  action  from  organic  dyes  (about  20  years  ago), 
intense  activity  has  taken  place.  The  main  reason  for  this  development  is  the  unique  dye- 
laser  feature  of  being  tunable  over  a  wide  range  of  wavelengths.  In  addition,  dye  lasers 
are  suitable  for  high  pulse  repetition  frequency  (prf)  operation  (i.e.,  high  average  power 
output)  because  of  the  simplicity  of  cooling. 

However,  present  flashlamp  excited  dye  lasers,  which  employ  commercially  available 
laser  dyes,  have  the  following  disadvantages.  (1)  Photodecomposition  is  more  or  less 
present  in  all  presently  available  laser  dyes.  (2)  Because  most  organic  laser  dyes  can 
only  be  dissolved  in  organic  solvents  such  as  methyl  alcohol,  p-dioxane, 
dimethvlf ormamide ,  etc.,  a  fire  and  health  hazard  exists,  especially  for  inexperienced 
personnel.  Few  laser  dyes  are  water  soluble.  Unfortunately,  most  laser  dyes  are  very 
unstable  photochemically  when  water  is  employed  as  a  solvent.  (3)  Another  drawback  is  the 
requirement  to  use  flashlamps  with  steep  risetimes  (in  the  l-jisec  range  and  less)  to 
obtain  laser  action  from  the  laser  dye.  Flashlamps  meeting  this  stringent  requirement  are 
difficult  to  build  for  operation  above  1000  J. 

Efficiency  limitations,  low  photostability,  and  the  requirement  to  employ  flashlamps 
with  fast  risetimes  in  present  dye  lasers  using  commercially  available  laser  dyes  is 
caused  by  excessive  so-called  triplet-state  losses.  If  new  laser  dyes  could  be  developed 
that  exhibit  reduced  triplet-state  losses,  flashlamps  for  excitation  could  be  employed 
that  have  slower  pulse  risetimes.  Significantly,  these  flashlamps  can  be  operated  over 
much  longer  lifetimes,  and  are  commercially  available  at  several  Joule  ratings  above 
10,000. 

The  selection  of  organic  dyes  that  show  laser  action  is,  at  present,  accomplished  by 
trial  and  error.  Thousands  of  organic  dyes  have  been  synthesized  over  the  last  hundred 
years  and  are  commercially  available.  Thousands  of  them  show  strong  fluorescence  (i.e. 
high  quantum  fluorescence  yield).  However,  only  a  few  exhibit  laser  action  under 
flashlamp  excitation.  The  efficiency  (0.2-1. 5%)  of  presently  available  flashlamp  excited 
laser  dyes  is  closely  related  to  the  accumulation  of  dye  molecules  in  their  triplet  state 
as  the  result  of  so-called  intersystem  crossing.  These  triplet-state  molecules,  generated 
during  intense  excitation,  in  turn  absorb  the  laser  light  more  or  less  efficiently, 
depending  on  the  magnitude  of  their  triplet  absorption.  In  addition,  most  organic 
compounds  (including  laser  dyes)  undergo  photodecomposition  when  present  in  their  triplet 
state. 

Although  Rhodamine  6G  has  been  known  since  1967,  it  is  still  one  of  the  most 
efficient  laser  dyes.  It  lases  with  about  1%  efficiency  when  flashlamp  pumped.  The 
question  is,  then,  why  haven't  more  efficient  laser  dyes  been  synthesized  since  1967?  The 
answer  appears  to  be  that  there  is  excessive  triplet-triplet  (T-T)  absorption  over  the 
fluorescence  (laser  action)  spectral  region  because  of  the  presence  of  benzene  (or  its 
heterocyclic)  derivatives  in  all  presently  available  laser  dyes.18 

It  is  well  known  that  the  presence  of  benzene  (and  its  heterocyclics)  in  organic 
compounds  is  responsible  in  most  cases  for  carrying  the  spectroscopic  property  of 
fluorescence.  Reviewing  experimental  data  on  T-T  absorption  of  organic  compounds 
published  in  the  literature,  it  is  apparent  that  all  aromatic  compounds  possess  strong  (to 
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very  strong)  T-T  absorption,  stretching  from  their  fluorescence  spectral  region  to  longer 
wavelengths . ^ 

Should  the  search  for  new  laser  dyes  concentrate  on  the  few  organic  compounds  (quasi¬ 
aromatic  heterocyclic)  that  exhibit  strong  fluorescence  but  do  not  contain  any  homocyclic 
and/or  heterocyclic  aromatic  groups?  Some  of  these  compounds  seem  to  have  low  T-T 
absorption  over  their  fluorescence  spectral  region.  Laser  dyes  have  been  recently 
discovered  in  the  quasi -aromatics  of  syn-9, 10-dioxabimanes  (syn-fR^R^Jbimanes)  and 
pyrromethene-FB2  complexes.2® 


Dr.  Conrad: 

When  I  was  asked  to  sit  on  this  panel,  I  thought  it  would  be  a  very  simple  thing.  I 
thought  all  I  had  to  do  was  to  sit  down  and  make  up  a  few  charts,  some  of  which  said,  what 
interesting  things  have  been  done  in  this  technology  area  within  the  last  two  or  three 
years,  and  make  up  a  second  set  of  charts  that  said,  what  do  we  do  now?  I  didn't  have  any 
trouble  with  that  first  set  of  charts  whatsoever.  In  fact,  some  of  the  things  you've 
heard  the  other  speakers  say  they  are,  in  fact,  on  my  charts.  There  are  a  few  things  that 
were  not  said,  such  as,  for  instance,  some  of  the  things  that  were  shown  here  at  the 
Lasers  '87  conference;  ~800  J  achieved  in  an  excimer  laser-pumped  dye  laser. 2^  Phase 
conjugation  of  a  f lashlamp-pumped  laser,22  ultra  narrow-linewidth  operation  in  flashlamp- 
pumped  lasers. ^2  Many  of  the  people  that  you  see  here  work  on  these  things.  In  fact, 
that  was  an  easy  job.  When  I  sat  down  and  tried  to  think  of  what  should  we  do  next,  I 
wound  up  writing  a  bunch  of  open-ended  questions  or  open-ended  items.  I  said  we  need  more 
energy,  we  need  shorter  pulses,  we  need  longer  pulses,  we  need  higher  average  power.  And 
then  I  asked  myself,  who  is  actually  going  to  fund  open-ended  questions  like  this?  I 
decided  I  didn't  know  the  answer,  but  as  all  of  you  are  probably  aware  now,  funding  in 
this  technology  area  has  been  going  down  sharply  in  the  last  couple  of  years.  I  am 
referring  now  specifically  and  only  to  DOD  money.  I  am  not  talking  SDI.  I  am  not  talking 
DOE.  But  certainly  DOD  funding  for  this  technology  has  hit  the  skids  and  it  looks  like  it 
is  not  going  to  be  coming  back  up  any  time  soon.  In  part icular ,  the  U.  S.  Army's  program 
has  lost  most  of  its  funding  in  the  last  couple  of  years  and  when  I  asked  people  why  is 
this  so,  I  get  what  I  really  couldn't  call  reasons.  I  would  call  them  excuses.  I  get 
reasons  like,  dyes  are  very  inefficient.  Dyes  are  also  toxic,  carcinogens.  They  have 
very  bad  beam  quality  and  this  kind  of  thing.  But  those  reasons  don't  make  a  whole  lot  of 
sense  to  me  but  they  don't  have  to  make  sense  to  me.  Somebody  up  there  gives  these  as  the 
reasons  for  essentially  cutting  our  funding  of  the  Army's  dye  laser  program.  So  the  real 
question  is  what  do  we  do  now  in  view  of  what  I  think  is  an  inescapable  fact  that  we  are 

going  to  have  very  little  DOD  money  to  work  with  for  the  next  couple  of  years.  I  mean, 

what  could  we  do  that  would  turn  DOD  and  the  Army's  thinking  around?  In  fact,  is  there 
any  chance  that  we  could  ever  turn  it  back?  When  I  stop  and  think  about  what's  happened 

in  the  DOD  tactical  laser  programs  in  the  last  20  years,  which  is  about  how  long  I  have 

been  working  in  it,  I  see  things  like  in  the  early  70' s  millions  and  millions  poured  into 
continuous  wave  C02  lasers,  very  high  power  C02  lasers.  Who  do  you  know  now  that's 
working  on  very  high  power  C02?  And  the  answer  is,  probably  not  very  many  people. 

Shortly  after  that  we  got  heavily  involved  and  spent  millions  and  millions  on  high  energy 
pulsed  C02  lasers.  Well,  at  least  in  DOD  you  don't  see  very  much  more  going  on  in  that 
area  either.  Then  came  high  power  continuous  DF  lasers,  HF-DF  lasers,  and  it  looked  like 
that  technology  was  also  going  to  wind  up  on  the  shelf,  and  if  it  hadn’t  been  for  SDI  it 
would  probably  be  on  the  shelf  still.  Unfortunately,  it  looks  to  me  as  though  this 
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technology  area,  dye  laser  technology,  may  very  well  wind  up  on  DOD's  shelf  until 
something  comes  along  that  has  a  need  for  it.  And  that's  really  the  bottom  line  and 
that’s  my  perception  of  what  the  problem  is  at  DOD  and  certainly  the  Army.  What  is  the 
need?  What  is  the  application  for  this?  I  think  that's  really  the  root  problem  and 
frankly  the  Army  does  not  know  and  what  little  work  is  being  done  in  the  area  of  tunable 
lasers  now,  at  least  in  the  Army,  all  of  that  money  is  going  into  the  solid  state  laser 
area.  So,  the  very  bottom  line  question  is,  what  do  we  do  with  the  resources  that  we 
have?  Well,  clearly  something  like  what  some  of  the  new  dye  chemistry  has  come  up  with, 
things  that  potentially  promise  increases  in  efficiency,  perhaps  factors  of  2,  3  or  even 
more,  that  seems  like  it  would  open  someone's  eyes.  I  mean,  efficiency  translates  into 
size  as  far  as  the  Army  is  concerned.  If  you  make  it  three  times  more  efficient,  you  can 
probably  make  it  almost  one  third  the  size.  And  it  seems  that  the  Army  has  gotten  an 
awful  lot  for  its  money  out  of  the  fundamental  dye  synthesis  work  that  you’ve  heard 
presented  earlier  here.  My  own  personal  feeling  is  that  what  little  money  the  Army  has  is 

going  to  probably  wind  up  in  that  area.  Frankly,  I  don't  think  we  have  enough  funds  to 

afford  to  do  anything  else.  An  interesting  example  of  that  is,  as  you  heard  Henry  mention 
earlier,  the  design  and  fabrication  of  a  100-J,  10-pulse  a  second  pulsed  dye  laser  that 
the  Army  has  funded.  Now,  it  looks  like  that  laser  or  something  very,  very  close  to  it, 
will  be  operational  in  some  form  in  about  April  (1989).  The  really  unfortunate  thing  is 
that  at  the  present  time  the  Army  has  no  funding  with  which  to  do  anything  with  it.  I 
mean,  at  the  present  time,  that  laser  will  get  built,  will  hopefully  meet  all  of  its  specs 
and  then  will  sit  there.  I  don't  know.  I  wish  I  did  have  the  answers.  All  I'm  saying  is 

that  we  are  going  to  have  to  get  smart,  not  in  the  technical  work  that  we  do  but  in  the 

technical  work  that  we  choose  to  do  in  order  to  get  the  very  most  out  of  the  very  small 
funding  that  I  see  coming  down  in  the  next  several  years.  That’s  essentially  it. 


Dr.  Duarte: 

Thank  you  very  much  Ray.  This  was  supposed  to  end  up  at  3:30  and  then  there  will  be 
a  tea  break  and  we'll  come  back  for  the  second  part.  We  have  some  time  now  for  questions. 


Prof.  Benetti: 

This  is  a  question  for  Dr.  Paisner,  would  you  comment  on  the  linewidth  and  ASE 
characteristics  of  your  high  prf  dye  laser? 


Dr.  Paisner: 

The  oscillator,  which  I  didn't  describe,  is  capable  of  single-mode  operation.  One  of 
the  design  principles  of  our  process  is  that  we  specify  by  design  what  the  spectral 
linewidth  is  of  the  laser  system.  Since  we  spend  so  much  money  on  the  back  end  of  the 
laser  system,  it  pays  to  do  the  optical  engineering,  electro-optic  engineering  of  the 
front  end  of  the  laser  system.  So  we  do  it  by  a  combination  of  smart  oscillator  design 
and  electrooptics.  We  spectrally  tailor  the  light  out  of  what  we  call  the  wave  form 
generator  in  our  system.  I  don't  know  if  that  answers  your  question. 
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Dr.  Duarte: 


Jeff,  can  you  add  anything  about  the  topic  of  ASE? 


Dr.  Paisner: 

We  try  to  keep  it  as  low  as  we  possibly  can.  A  percent,  less  than  a  percent, 
something  like  that.  In  many  cases  we  completely  get  rid  of  it.  As  you  know,  we  need  to 
use  the  copper  laser  as  efficiently  as  possible  so  we  run  our  amplifiers  under  heavy 
saturation  conditions.  You  could  easily  get  lots  of  ASE  out  of  a  system  if  you  don't 
design  the  system  right.  But,  if  you  design  the  system  right,  you  can  really  minimize  the 
amplified  spontaneous  emission. 


Prof.  Penzkofer: 

Would  you  comment  to  what  extent  can  the  charcoal  filter  be  used  to  remove  the  dye 
and  dye  degradation  products. 


Dr.  Aldag: 

I  don't  recall  a  number.  We  have  made  that  measurement  at  AVCO  and  Pat  was  with  us 
at  the  time,  but  these  charcoal  filters  hold  quite  a  bit.  They  remain  in  their  filter 
cartridges  for  a  long  time  before  we  have  to  change  them,  and  there  are  ways  of  cleaning 
the  charcoal,  but  it's  not  very  economical  so  we  just  throw  it  out.  Pat,  you  want  to  add 
anything  to  that? 


Dr.  Everett: 

Yeah,  I  can  add  a  little  to  that.  My  recollection  from  the  numbers  and  these  were 
done  many  years  ago,  conservatively,  it  was  at  last  one  gram  of  dye  per  hundred  grams  of 
carbon.  And  sometimes  one  got  things  as  good  as  one  gram  per  ten  grams  or  maybe  a  little 
bit  better.  But  in  actual  fact  it's  not  a  concern  because  activated  carbon  is  such  a 
cheap  material  and  I  think  unless  you  had  thousands  of  grams,  and  perhaps  much  more  than 
that,  absorbed  in  your  carbon,  you  wouldn't  even  think  of  trying  to  reclaim  it.  You'd 
just  put  it  in  a  landfill.  We  don’t  know  of  anybody  who's  been  smart  enough  to  figure  out 
how  to  just  take  out  the  degraded  product. 


Question  from  the  audience: 

In  your  amplifier  system,  did  you  note  a  chirping  in  the  laser,  the  single  frequency, 
or  the  laser  injected  pulse? 
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Dr.  Aldag: 


The  question  relates  to  a  chirping  of  the  dye  laser  system.  There  was  chirping  and 
it  was  done  in  order  to  cover  the  particular  linewidth  of  the  uranium  energy  level. 


Dr.  Duarte: 

Perhaps  we  ought  to  break  and  go  to  tea  break  and  come  back  later  on.  Thank  you. 
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Re  1  tzc ,  D.  ’  .  -  3  75 
Rice,  R .  -  54 

R i chra n  ,  B .  A .  -  17  7 
Risk,  b.  P .  -  433 
Rizvi,  N.  11.  -  1(16 

Robert  ,  P .  -  6(‘t) 

Rocca,  J.  J.  -  278 
Roger,  J.  P.  6  0  9 
Rogers ,  B .  J .  -  2  12 
Roger  son,  J.  E.  -  63 
Romanovs k 1 1 ,  M.  Y.  -  48 
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S..  1  *  -  1  2  7 

:  !  .  -  i  ’  7 

s\.l  is,  -  PS. 

:•  St,  ... 

F.'-mki,  .  '  -.2  4 

rrt'i,  I'.  F.  -  31? 


c..  ,  J.  F  .  -  l ‘-7 

1  y  ,  .1  .  1  .  -  oi 

l  1  .  L.  -  J  '•  7 

t"  r--.jp,  t,  -  4‘1C’ 

;  V,  1  .  -  679 

S S.  F.  -  P3S 
s  l£.t  a!  1  .  C.  R.  -  171 
i.'r.ovi',  itrr,  R.  R.  -  253 
Fit.  runs,  ...  -  4 -'9 
;  men,  A.  -  0  35 

t-  k  »  n,  a.  a.  -  3s  7 
J  i  week  i  ,  F .  A.  -  5  9° 

S  :ith,  i.  .  0.  - 

;  n  c-.t :  i  o  r  ,  .  -  5  f  6 

:  :■  i  t  7.t ■  r  ,  1  .  -  s  7  it 

•.  •  :  ,  A.  1  .  -  223 
'  t  i.ci.-,  7.  r..  -  212 
,'c.  i  i  in,  J .  f.  -  105 
::  L.  -  0  3  5 

f  ;  1 1  mi,  s .  -  7 1  .3 
t  n rk  ,  ' ' .  A.  -  5  55 
H  A.  -  It:  6 

Ftor-,  y.  f  .  -  7  39 
St.  C-  I.e»n  3kis,  S.  J  .  -  9  8 
i  tr.n,  F.  -  6  6<t 
Stone,  J.  -  2  4 
5F  '  !  1  I  ;i  f,  ,  v.  -  5  o 

St:  t  ten,  C.  V.' .  -  5  55 
r„>  .t  r  ,  ,  .  C  .  -  2  4  5 

Fwodt  erti  ,  J.  [. .  -  «  2  5, 
Fj-rc,  J.  A.  -  5  54,  618 
:zo,  i..  C.  -  117 


T  -  Tollman,  C.  R.  -  4  21),  773 
Taylor,  J.  R.  -  360,  504 
Tennant,  R.  A.  -  420 
Thomas,  S.  J.  -  154 
Tkach,  R.  W.  -  554 
Tofla,  T.  -  52  4 
rorezynski,  J.  R.  -  245 
Toth,  I.  -  692 
TreLos,  J.  I, .  -  9  0 
Titer,  J.  -  705 

U  -  Us  ad  i  ,  F .  -  3  6  7 

V  -  Van  Do  (’«rwe,  W.  P.  -  66  3 

Vannay,  l, .  -  692 
Vaiilcny,  Z.  -  5M 
Villaeys,  A.  A.  -  517 
Vintro,  L.  -  177 

l.  -  W  a  k  a  t  a  ,  H.  -  161 

barren ,  R .  1. .  -  195 

Watt,  K.  G.  -  154 

Weeras  i  rtqhe ,  V.  M.  -  339,  739 

Welch,  F .  L.  -  98 

Whelan,  0 .  -  90 

White,  J .  -  732 

Whitehead,  Ft.  C.  -  420 

Whitten,  B.  L.  -  90 

Wilcox,  J .  -  449 

Willi  arts  ,  G  .  T .  -  769 

Williams,  J.  A.  R.  -  360 

Williams,  P.  -  355 

W  i  1  l  i  ar.s  ,  R  .  -  4  54 

Winotcrdner,  J.  D.  -  580 

Wood,  W.  M.  -  375 

Y  -  Van  i  ,  T.  -  127 

Yaan ik,  R.  -  286 
Yamada,  A.  -  524 
Yang ,  J .  J .  -  44  a 
Yarq,  T.  T.  -  112 
Young ,  F .  C .  -  98 

Z  -  Zediker,  M.  S.  -  454 

Zhanq,  T.  R.  -  355,  375 
Zhono,  C.  E.  -  141 
Zhu,  Y.  -  79 
Zol  lars,  R.  C.  -  425 
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Corrigenda 

Page  XV,  line  29:  the  title  quoted  on  this  line  was  subsequently  modified  to  that 
given  on  page  V,  line  6. 


Page  4,  line  2:  "scource"  should  read  "source 

The  number  on  page  "492" 

should 

read 

"486" 

"491" 

should 

read 

"487" 

"490" 

should 

read 

"488" 

”488" 

should 

read 

"490" 

"487" 

should 

read 

"491" 

"486" 

should 

read 

"492" 

Page  1153,  line  29:  "rule"  should  read  "role". 

Page  1154,  line  30:  "there  not"  should  read  "there  are  not". 

38:  "Maday"  should  read  "Madey". 

Page  1155,  line  36:  "are"  should  read  "care". 

Page  1159,  line  41:  "that"  and  "are  being  developed"  should  be  deleted. 

Page  1160,  line  51:  "And"  should  be  deleted. 

Page  1161,  line  22:  "very  briefly  review"  should  read  "a  very  brief  review". 
Page  1162,  line  5  :  "ten"  should  be  deleted. 

25:  "ten  times  difficult"  should  read  "ten  times  as  difficult". 

35:  "of  things"  should  read  "of  the  things". 

Page  1166,  line  55:  " interf rerometry"  should  read  "interferometry". 

Page  1168,  line  7  :  "fr"  should  read  "for". 

19:  "Standford"  should  read  "Stanford". 

36:  "quesion"  should  read  "question". 

Page  1171,  line  38:  "safr"  should  read  "safer". 

Page  1171,  line  63:  "nuclear  world"  should  read  "nuclear  free  world". 
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